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Nanoparticles (NPs), by way of their coating, can acquire biomolecular coronas,
hindering their intended function and potentially leading to toxicity. However,
knowledge of how a NP’s initial surface chemistry dictates the protein or lipid
composition of its corona and biological response is limited. We use a combination of
all-atom molecular dynamics (MD) and coarse-grained dissipative particle dynamics
(DPD) simulations to determine the surface structure of engineered gold nanoparticles
(AuNPs) and their surface chemistry-dependent transformations. We develop a
complementary MD simulation and experimental approach to determine preferential
orientational binding in and the converged structure of protein coronas with amino
acid-level specificity, using a limited number of 200 ns simulation trajectories. All-atom
MD simulations further reveal that typical engineered (AuNPs), such as self-assembled
monolayers on AuNPs and polyelectrolyte-wrapped AuNPs, are not pristine. Instead,
they have heterogeneous spatial charge and hydrophobic group distributions on their
surface. This non-uniformity plays an important role in interactions of AuNPs with
lipids, which have distinct spatially distributed hydrophobic head- and hydrophilic
tail-groups. We incorporate this molecular-level complexity into coarse-grained NP
models to reveal mechanisms of NP insertion, lipid extraction, bilayer thinning, and
membrane disruption at microsecond time-scales via DPD simulations. We thereby
ii
establish that non-uniformity in NP surface functionalizations matters, and determine
molecular-level transformations that could trigger the onset of toxicity.
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Nanoparticles (NPs) are 1-100 nm along their smallest dimension with tunable shape,
size, and surface chemistry [1, 2]. At this nanoscale size range, NPs have a higher surface
area to volume ratio, increasing the area for interactions at interfaces, with applications
in catalysis [3], energy storage [4], cosmetics [5], dyes [2, 5], and biomedicine [2]. With
advances in the synthesis and control over the functionalization and functionality of
engineered NPs, attention is increasingly being brought to the sustainability of these
materials. After use, NPs can get discarded into the environment at the end of use,
where their entry into various nodes of the food web could have deleterious effects at the
ecosystem level [6, 7]. Do the technological benefits of NPs outweigh the health risks?
Initial efforts to understand NP sustainability have primarily focused on large-scale
toxicological studies of cell and organismal viability in response to NP exposure. NPs
with cationic surfaces are generally more toxic than anionic NPs [8, 9, 10]. However,
design rules for implementing sustainability into NPs should shift focus from the
correlation between NP surface chemistry and toxicity to causation. After all, “nano”
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is an umbrella term for size, but nanomaterials are diverse in core material, shape,
size, and ligand structure. NPs functionalized with different cationic ligands or with
the same cationic ligand but different NP size exhibit varying degrees of organismal
stress and cytotoxicity [11, 12, 13], and even anionic NPs can induce biological response
[8, 14, 15, 16, 17].
Determining causation of NP toxicity towards sustainable NP design is a multi-scale
problem: starting from an NP’s first contact with the biological environment, to the
molecular-level transformations that occur at this nano-bio interface, and the biological
response pathways triggered from these physiological changes. After NPs are initially
synthesized, they generally need to be functionalized with charged organic ligands, such
as thiols and polyelectrolytes, to protect the core and impart colloidal stability. The
ligand layer is, thereby, the first to interface with biomolecules, such as extracellular
proteins and lipid membranes.
The model nanoparticles we use are gold nanoparticles (AuNPs), as they are
biologically inert and technologically relevant. Their biocompatibility coupled with the
plasmonic properties of NPs makes AuNPs an ideal choice for biomedical applications
such as sensing [18, 19] and targeted therapeutic [20, 21] agents. The biocompatibility
of AuNPs also enables their use as models to probe how the ligand layer of NPs–whether
functionalized for biological applications, or other technological devices that might get
discarded into the environment at end-of-life–interfaces with biological systems [6]. By
tuning the AuNP shape, size, and ligand structure, we decipher the interdependence
of these variables on the molecular-level surface structure of NPs towards developing




Computer simulations can potentially link atomistic-scale interactions between
nanoparticles and biomolecules to the onset of toxicity in cells, but require accurate
bottom-up coarse-graining to tackle this inherently multiscale problem [22]. A common
bottom-up coarse-graining strategy for complex multicomponent systems, such as
nanoparticles in suspension media or in biological environments, starts with the
atomistic structure of each component at the lowest scale and then groups neighboring
atoms with similar chemical properties into larger beads at the higher scale.
We take this bottom-up approach by first using all-atom molecular dynamics (MD)
simulations to determine the surface structure of typical engineered AuNPs with different
methods of surface functionalization, such as self-assembled alkanethiol monolayers and
polyelectrolyte wrappings on AuNPs. The next objective is to develop structurally
benchmarked coarse-grained models of these engineered AuNPs. The particular coarse-
graining scheme we apply is to group approximately three adjacent methylene groups
along the charged, organic ligand chains into a larger hydrophobic bead and charged
terminal groups into a charged bead. We benchmark these simpler models such that
the coarse-grained ligands self-assemble into the structures observed in the all-atom MD
simulations. We, then, implement coarse-grained simulations of these NP models with
lipid-bilayer systems to determine the influence of molecular-level surface structure,
such as spatial charge and hydrophobic group distribution, on lipid corona formation




A detailed overview is provided in Chapter 2 on our approach and challenges to
characterizing the molecular-level structure of engineered nanoparticles and their
transformations in biological environments.
In Chapter 3, we present published work in Ref. [17] on a combined, complementary
computational and experimental approach to determine the evolution and molecular
structure of protein coronas on AuNPs. We implemented a computational assay
technique using a cross-correlation of a small ensemble of 200 ns long MD trajectories
to identify a preferred nonrigid binding orientation of the peripheral membrane protein
cytochrome c on anionic ligand-coated AuNPs. Our experimental collaborators employed
a mass spectrometry-based footprinting method that enables the characterization of the
stable protein corona that forms at long time-scales in solution. Through the combination
of these computational and experimental primary results, we have established a consensus
result establishing the identity of the exposed regions of cytochrome c in proximity to
the AuNP and its complementary pose(s) with amino-acid specificity. Moreover, the
tandem use of the two methods can be applied broadly to determine the accessibility of
membrane-binding sites for peripheral membrane proteins upon adsorption to AuNPs
or to determine the exposed amino-acid residues of the hard corona that drive the
acquisition of dynamic soft coronas. We anticipate that the combined use of simulation
and experimental methods to characterize biomolecule-nanoparticle interactions, as
demonstrated here, will become increasingly necessary as the complexity of such target
systems grows.
We detail another combined experimental and computational approach in Chapter 4
on published work in Ref. [23] to determine the structure of self-assembled alkanethiol
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monolayers on AuNPs. Specifically, our collaborators developed a solution NMR-based
analysis of quaternary ammonium-terminated alkanethiol monolayers on AuNPs with
diameters from 1.2 to 25 nm. The chemical-shift analysis of the proton signals from the
solvent-exposed ammonium headgroups suggests that the headgroups are saturated on
the ligand shell as the sizes of the NPs increase beyond ∼10 nm. Quantitative NMR
shows that the ligand density of these alkanethiols is size-dependent. Ligand density
ranges from ∼3 molecules nm−2 for 25 nm particles to up to 5-6 molecules nm−2 in
∼10 nm and smaller particles. MD simulations of 4, 6, and 8 nm alkanethiol-coated
AuNPs confirm greater hydrophobic chain packing order and saturation of charged
headgroups within the same spherical ligand shell at larger nanoparticle sizes and higher
ligand densities. Combining the NMR studies and MD simulations, we establish the
relationship between the AuNP size, molecular structure of the ligand, ligand density,
and self-assembled monolayer (SAM) structure on AuNPs.
In Chapter 5, we present published work in Ref. [24], in which we determined the
structure of another class of typical engineered AuNPs, specifically long polycations
layered on anionic AuNPs. While top-down coarse-grained models of polyelectrolyte-
coated AuNPs have focused on polyelectrolytes of short length, from 10 to a 100
monomers represented as one charged bead per monomer, here we used MD simulations
and bottom-up coarse-grained approaches to access more typical polymer lengths on
the order of 200 monomers. Specifically, we simulated the adsorption dynamics and
structure of one or two such long polycations on negatively charged 4 nm citrate-coated
AuNPs within implicit or explicit solvents. The first polycation coats approximately
half of the AuNP surface regardless of solvent model and leaves a significant part of
the anionic citrate layer exposed to absorption by a second polycation. We find that
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the most prevalent structural features across solvent conditions consist of 1–2-monomer
loops or kinks. They extend radially from the nanoparticle surface and assemble into a
double-layered coating of the AuNP. We compile a set of structural features of adsorbed
polycations that would be ripe for coarse graining and outline a bottom-up coarse-
graining scheme for simulations of polyelectrolyte-coated AuNPs with amphiphilic
biomolecules that incorporates the hemispheric polycation coverage with exposed citrate
layer, surface-bound bilayer-like segments, and long amphiphilic loops and tails.
Continuing our work on developing structurally accurate models for typical
engineered AuNPs, we detail in Chapter 6 our characterization of the citrate layer on
as-synthesized AuNPs and its stability upon polycation adsorption, the latter process
which is highlighted in Chapter 5. Specifically, we present published work in Ref. [25],
in which we simulated the packing of citrate3− and H2citrate
− onto AuNPs to
understand how citrate anions cap and stabilize AuNPs. We determine the molecular
configurations of citrate on 4, 6, and 8 nm AuNP surfaces as a function of charge state
and packing density and find that both the distribution of configurations and
maximum packing density are independent of AuNP size. A combination of MD
simulations and in situ Fourier transform infrared spectroscopy (FTIR) is employed to
compare the molecular configurations, stability, and density of citrate on 4 nm
citrate-coated (cit-AuNPs) and within polycation-wrapped 4 nm cit-AuNPs. FTIR
experiments indicate the presence of H2citrate
− within polycation-wrapped cit-AuNPs
with coordination between the H2citrate
− layer and polycation layer in agreement with
simulations. Intermolecular hydrogen bonding between terminal carboxylic acid groups
of H2citrate
− stabilizes the anionic layer at the interface between cit-AuNPs and
adsorbing charged molecules. The calculated total density of H2citrate
− on AuNPs
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decreases from 3.3 × 10−10 to 3.0 × 10−10 mol/cm2 upon adsorption of a polycation
due to some displacement of dangling H2citrate
−hydrogen bonded to the surface-bound
layer. The density of the surface-bound layer is consistently 2.8 × 10−10 mol/cm2 with
and without polycation adsorption. We provide all-atom level insight into the
distribution and organization of experimentally derived binding modes of citrate on
bare and coated cit-AuNPs. The citrate density and surface charge density are
determined for all-atom and coarse-grained modeling of cit-AuNPs, their
functionalization, and transformations in complex environments.
In Chapter 7, we introduce the dissipative particle dynamics (DPD) coarse-grained
method that we implement for simulations at the nanoparticle-lipid bilayer interface.
We present the development and structural benchmarking for coarse-grained models
of alkanethiol- and polycation-coated NPs from the all-atom structures determined in
Chapters 4-6, as well as for lipid-vesicle systems.
In Chapter 8, we detail the results from the DPD models and methods developed
in Chapter 7. We first highlight published work in Ref. [26], in which we use our all-
atom polycation-coated AuNPs to validate the corresponding coarse-grained MARTINI
model and simulate lipid self-assembly on such AuNPs towards understanding the lipid
coronas that these NPs can acquire as observed experimentally. We also present work
from manuscripts in preparation on coarse-grained DPD simulations to directly probe
transformations at the interface between nanoparticles and lipid-bilayer systems. As
an example, metal NPs functionalized with SAMs of alkanethiol ligands are subject to
defects in the SAM structure due to the interplay between alkyl chain packing and free
volume available in space per ligand. We find via coarse-grained dissipative particle
dynamics simulations that hydrophobic contact between protruding lipid tails from
7
bilayers and exposed alkyl chains in SAM defects prompts NP insertion and that defects
become sites for lipid extraction. We also report that lipid extraction and the structure
of the ligands inserted in bilayers collectively contribute to bilayer thinning at the site
of NP insertion and bilayer curvature-dependent deformability, revealing how these
commonly synthesized NPs interface with lipid-bilayer systems with potential biological
consequences.






Non-Uniformity in Nanoparticle Surface
Chemistry and Mechanisms of Corona
Formation
2.1 Introduction
When nanoparticles (NPs) are released into a biological environment, they can quickly
acquire biomolecular coronas. The evolution of protein coronas on NPs has been
extensively studied. The hard corona consists of long-lived, surface-bound proteins,
while the soft corona dynamically changes with exchangeable, weakly associated proteins
[27, 28, 29, 30]. The procurement of protein coronas has been shown to exhibit toxicity,
and suggested mechanisms include deformation in protein structure and impairment
of function; alteration in the display of protein epitopes and activation of an immune
response; and facilitation of NP internalization into cells and DNA damage [27, 28].
However, knowledge of particular nanoparticle surface chemistries and corona proteins
that causally trigger a toxicological response is limited [27, 31]. The acquisition of
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lipid coronas is also possible and has been less studied, but has been shown to disrupt
membrane structure and fluidity [26].
Moreover, experimental characterization of biomolecular coronas has largely focused
on top-down measurements, such as the acquisition of a corona itself and its correlation
to toxicity. Computer simulation studies have also taken a top-down approach, assuming
spherically symmetric surface chemistry in spherical NP models and varying effective
surface charge, charge density, and core size [32, 33, 34, 35]. Experiments have shown
that NPs of similar size and same effective charge, but different ligand, have distinct
protein compositions in their corona [36]. Similarly, polycation-coated AuNPs aggregate
after acquiring lipids, while cationic alkanethiol-coated AuNPs do not, suggesting a
unique lipid-corona structure by ligand type [37].
We take a bottom-up approach by first using all-atom molecular dynamics (MD)
simulations to obtain the missing molecular-level information on the NP surface. The
challenges in capturing the NP surface structure and surface chemistry-dependent
transformations at a fully atomistic scale are limitations in the accessible system sizes
and timescales [38, 22]. As an example, an MD simulation of the adsorption of a long
200-mer polycation onto a single 4 nm citrate-coated gold nanoparticle (AuNP) in
solution under experimentally and physiologically relevant 0.1 M salt concentration,
discussed in Chapter 5 and Reference [24], yields a system size of 500,000 atoms.
The end-to-end adsorption of the polycation onto the NP takes place within 120 ns
simulation time, and the computation time per 120 ns trajectory is on the order
of several weeks. Multiple trajectories are required to approximate an equilibrium
ensemble, and this single project can use up all of the available computational resources
that could best be allocated to multiple projects. We, thereby, must go up in scale
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and system complexity by implementing coarse-grained simulations with structurally
benchmarked coarse-grained NP models, such as for the polycation-coated AuNP, in
tandem with complementary experiments developed by collaborators for high molecular-
level sensitivity measurements to determine the distinguishing characteristics of NP
surface chemistries and mechanisms of their transformations.
2.2 All-Atom Simulations and Protein Footprinting:
Deciphering Bottom-up Evolution of Protein
Coronas
Here, we briefly discuss the scalability issue in using all-atom MD simulations for
capturing protein corona formation on an anionic ligand-coated AuNP and solutions to
the problem. Detailed results and discussion are presented in Chapter 3 and Reference
[17].
From six 200 ns trajectories starting from the electropositive protein cytochrome c
(cyt c) deposited in a different orientation for each trajectory near an AuNP uniformly
coated with mercaptopropionic acid (MPA), we found no clear preferred orientation
of the protein on the MPA-coated AuNP (MPA-AuNP). We were also limited in the
number of trajectories to establish a statistical distribution of protein orientations.
However, we find that lysine residues drive the nonrigid binding of cyt c to MPA-AuNPs
via salt-bridge formation between lysine ammonium groups and MPA carboxylate
groups. This molecular-level detail informed our collaborators Carlson and co-workers
on how to setup their protein footprinting experiments. By chemically modifying lysine
residues in free cyt c in solution and in cyt c incubated with MPA-AuNPs followed by
mass spectrometry-based analysis, lysines bound to the MPA-AuNP surface or facing
a neighboring protein in the corona should have decreased modification compared to
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the same lysine residues in free cyt c. Solvent-accessible lysines should have no change
in modification. Lysines that become more solvent-accessible due to deformations in
cyt c upon binding to the MPA-AuNP should have increased modification compared to
the same lysine residues in free cyt c. Through this complementary computational and
experimental approach, we find two poses from our six 200 ns simulations that persist
in the 18 h incubation of cyt c with MPA-AuNPs (Figure 1).
Molecular Dynamics












Figure 1: (Top) Workflow of protein footprinting experiments for cytochrome c without
exposure to MPA-AuNPs or with 18 h exposure to MPA-AuNPs. (Bottom) 200 ns
molecular dynamics simulation of cytochrome c initially positioned near MPA-AuNP.
Our bottom-up approach incorporates a spiral feedback mechanism between the
results from simulation and experiment. From an initial set of simulations, we can
determine the molecular-level interactions that drive the binding of proteins on
engineered NPs and can be targeted via protein footprinting experiments.
Experimental results can guide simulations to focus on a smaller set of initial protein
orientations near the NP, reducing the amount of sampling and computational cost.
Simulations can further determine the molecular-level structure of the hard corona that
facilitates the formation of soft coronas.
In our first implementation of the tandem MD simulation and protein footprinting
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approach, we used an AuNP with spatially uniform, anionic surface chemistry and
could focus on the orientation of the protein relative to the AuNP. Our methods can be
broadly applied such that we can reduce the sampling of the initial orientation of the
protein based on footprinting experiments and, in turn, sample the orientation of the
NP.
2.3 All-Atom Simulations and Solution-Based
Spectroscopy: Non-Uniform Surfaces of Typical
Engineered Nanoparticles
For our bottom-up approach, what information do we need to construct all-atom models
of engineered AuNPs, such as the MPA-AuNP described in the previous section? Ligand
binding mode (e.g. electrostatic, noncovalent, covalent), ligand density, and the average
length of a polymer (if for polyelectrolyte-coated AuNPs [39]), are sufficient, but ligand-
shell characterization has largely been done on dried samples, using X-ray photoelectron
spectrsocopy [40], thermogravimetric analysis [41], attenuated total reflectance-Fourier
transform infrared spectroscopy (ATR-FTIR) [42], and solid-state nuclear magnetic
resonance (NMR) spectroscopy [43]. The drying of NP samples can lead to aggregation
of free ligands, thereby overestimating the ligand density. Since NPs are likely to be
released into aqueous environments, solution-based techniques are needed to understand
both the structure and dynamics of the NP surface in situ.
Our collaborators Murphy and co-workers developed solution-based NMR analyses
for self-assembled alkanethiol monolayers on AuNPs and found AuNP size-dependent
ligand density and ligand headgroup mobility. By varying AuNP size and ligand density
within the range calculated from the experiments, we found through MD simulations that
for ligands with headgroup volumes larger than sulfur, the headgroup layer saturates
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with increasing AuNP size and lower surface curvature, limiting ligand density and
reducing headgroup mobility [23]. For alkanethiols with short ligand chains, such as
MPA, there is little hydrophobic chain packing and less volume available in space per
ligand, and charged headgroups are closer together and repellant, leading to a uniform
spatial distribution of ligands in the monolayer. For longer ligands and at higher surface
curvatures, there is greater competition between ligand chain packing and free volume
available in space per ligand, leading to a heterogeneous distribution of ordered (i.e.
packed ligands) and disordered domains in the monolayer.
For ligands with titratable groups, a high localization of charge on the NP surface
can shift the pKa of ligands [44]. Therefore, NP models can have the approximate
ligand density but inappropriate charge density. If ligand density were overestimated
from characterization of dried samples, then indeed a high surface charge density on the
NP surface would be unsuitable and unstable in simulation. In the case of citrate–the
common capping layer in AuNP synthesis and substrate for polyelectrolyte wrappings
[12] and protein corona studies [33, 34], the charge state in solution at neutral pH
is citrate3−, but was found to be in the doubly protonated H2citrate
− state on the
AuNP surface [42]. We used MD simulations to pack citrate3− or H2citrate
− onto
AuNPs and observed the desorption of excess citrate and equilibration of citrate anions
into a stable population of binding modes (Figure 2). Deposition of a polycation onto
citrate-coated AuNPs show that the citrate layer is stable at charged interfaces only if
in the H2citrate
− via hydrogen bonding between the terminal carboxylic acid groups
of neighboring citrate. The binding modes of H2citrate
− and molecular interactions
between H2citrate
− and the polycation were confirmed using in situ ATR-FTIR [23].
We, thus, determined the stable charge state and charge density of citrate on AuNPs
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for both all-atom and coarse-grained models. Polycation wrappings on citrate-coated
AuNPs show non-uniform spatial charge and hydrophobic distribution and coverage on



























































Figure 2: Population of binding modes and stability by charge state of citrate anions
and non-uniform adsorption of polycations on citrate-coated AuNPs.
2.4 Bottom-Up Coarse-Grained Simulations: Influence
of Spatial Chemical Heterogeneity on Nanoparticle
Transformations
We develop force-field parameters for coarse-grained dissipative particle dynamics (DPD)
simulations to reproduce the spatially distributed ordered and disordered ligand domains
in alkanethiol monolayers on AuNPs (Figure 3). The cationic ligands promote attraction
with the anionic phosphate groups in the lipid vesicle. Further, the exposed hydrophobic
chains in the ordered ligand domains on NPs prompt contact with hydrophobic lipid
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tails, NP insertion, and lipid extraction. This minimum level of detail is required in
understanding molecular-level transformations of engineered NPs and can be obtained
from determining the molecular-level structure through all-atom MD simulations and
complementary solution-based experimental techniques. A different transformation
by polycation-coated AuNPs at the nano-bio interface can be attributed to a distinct
spatial charge and hydrophobic group distribution of polycations on AuNPs compared
to alkanethiol ligands.
Figure 3: Bottom-up coarse-graining of defects in self-assembled monolayers on AuNPs
that drive NP insertion, lipid extraction, and bilayer thinning at the µs timescale from
coarse-grained dissipative particle dynamics (DPD) simulations.
2.5 Conclusion
In this Chapter, a review of the chapters and connection between chapters have been




Preferential Binding of a Peripheral
Membrane Protein to a Uniformly
Anionic Gold Nanoparticle
3.1 Introduction
When nanoparticles (NPs) interact with proteins, they might alter the protein’s
secondary, tertiary, or quaternary structures critical to protein functionality, causing
unexpected organismal stress, toxicity, or other unanticipated biological consequences
[45]. It is well established that the characteristics of NPs, such as their composition,
size, and ligand coating, are crucial to their interactions with proteins and other
biomolecules [46]. Both computational modeling and advances in the experimental
synthesis of NPs have enabled controlled synthesis of NP shape, size, and surface
chemistry to probe NP surface-specific interactions with biomolecules [23], but
developing a predictive mechanistic understanding of how a nanoparticle transforms
and triggers toxicity depending on its initial surface chemistry is the ultimate challenge
[6, 36]. Experimental characterization of the nano-bio interface with high
molecular-level sensitivity has been limited and has largely focused on the acquisition
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of a protein corona by NPs, more generally, and its effect on cytotoxicity
[36, 29, 47, 48, 49]. Likewise, the dynamic evolution of protein coronas and other
nanoparticle transformations across multiple time- and length-scales is inaccessible
through all-atom molecular dynamics simulations (MD) due to limitations in
computational power [22].
MD simulations at all-atom to coarse-grained scales indeed have emerged as a useful
tool for exploring non-static binding partners such as that involving a protein (or
proteins as in corona formation) and a nanoparticle [35, 50, 51, 52]. The difficulty in
identifying the preferred orientation of biomolecules towards a given NP using MD
simulations is exacerbated by the near degeneracy of many putative binding sights on
the NP due to the self-similarity–if not quite uniformity–of the NP. Nevertheless, if
one samples the initial conditions sufficiently to remove biases that could lead to local
minima in the binding process, one can predict properties of the protein-NP system
such as protein face- and amino acid-specific interactions with NP ligands that drive
the formation and structuring of coronas on NPs. The corresponding experiments to
such simulations have thus far confirmed the general orientation of proteins on NPs via
NMR [32, 33] and the presence of salt-bridge formation between carboxylate-terminated
NP ligands and ammonium groups, as present in the amino acid lysine, via infrared
spectroscopy [25].
To identify specific amino acid residues involved in protein-NP interactions, mass
spectrometry-based methods have been developed to determine the specific residues
responsible for interaction between biomolecules, called protein footprinting [53, 54].
Protein footprinting utilizes the differential solvent accessibility of amino acids in
a free protein relative to a protein that is complexed with another biomolecule or
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material. This technique has been widely utilized to study many processes such as
protein-protein and protein-ligand interactions, and has been successfully applied to
protein-NP systems [55, 56, 57, 58]. For example, Dordick and co-workers [55] utilized
lysine-specific acylation coupled with matrix assisted laser desorption-ionization time
of flight tandem mass spectrometry (MALDI-TOF MS/MS) to propose which faces of
cytochrome c, RNase A, and lysozyme interacted with 4 and 15 nm silica nanoparticles.
When paired with molecular dynamics (MD) simulations, protein footprinting can
be used as a robust experimental technique to determine the accuracy of the predicted
models of protein-nanoparticle interactions and assist in improving simulations; likewise,
the computational models can provide deeper insight into conformational information
that cannot be probed by surface accessibility experiments alone. In the present work, the
amino acid residue-specific interactions predicted by simulation for a protein-NP system
were validated experimentally using mass spectrometry-based protein footprinting. We
establish protein footprinting as a complementary experimental technique to identify
preferential binding of proteins to NPs and reduce the number of initial starting
configurations needed for simulations.
Specifically, we examine the model system of horse heart cytochrome c (cyt c)
and 4 nm 3-mercaptopropionic acid (MPA) coated gold NPs (AuNPs)–which we call
MPA-AuNP throughout this work. Cyt c associates with anionic lipid domains in the
inner mitochondrial membrane and is directly involved in the electron transport chain
when bound to the membrane and indirectly in cell apoptosis when removed from the
membrane [59]. The exact location of the anionic phospholipid hosting region(s) in cyt
c and, therefore, the final orientation(s) of the protein on bilayers containing anionic
phospholipids has been highly debated [60, 61], and some of us recently suggested
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a possible resolution [16]. Specifically, the degree of binding between cyt c and the
lipid bilayer was found to exhibit preferred orientational binding sites in cyt c, and to
vary depending on the model bilayer composition [16]. Experiments have shown that
MPA-AuNPs only weakly associate with supported lipid bilayers but associate strongly
in the presence of cyt c on bilayers proportional to the number of cyt c bound to the
bilayer [16]. AuNPs coated with polyacrylic acid were also found to remove a small
population of cyt c weakly bound to the bilayer [16]. These results suggest a preferred
cyt c orientation such that cyt c stably associates with the membrane, exposing a face
to solvent that preferentially attracts MPA-AuNPs, and a potentially interfering role of
anionic NPs in the regulatory membrane (dis)association of cyt c.
Here, we are interested in pursuing this question through a complementary
approach by investigating the degree to which a membrane binding protein, cyt c, binds
regiospecifically to the nanoparticle, rather than the bilayer. To this end, we will make
reference to the binding sites [62, 63, 64] of cyt c to anionic cardiolipin-containing lipid
domains: site N (Phe36, Gly37, Thr58, Trp59, Lys60), site A (Lys72, Lys73, Lys86,
Lys87), site C (Asn52), and site L (Lys22, Lys25, His26, Lys27, His33). If there is to be
binding between the three components–nanoparticle, cyt c, and the bilayer–then the
exposure of cyt c to an NP would in turn also need to be preferentially oriented. Thus,
the aim of this work is to interrogate the binding of cyt c to NP so as to establish the
nature of their mutual binding interaction and its implications on three-body
interactions, such as in the case of cyt c-assisted binding between NPs and a bilayer.
The MD simulations reveal the preferred non-rigid binding orientation of the
peripheral membrane protein cyt c on anionic AuNPs that persists in the AuNP hard
corona at long time-scales, as confirmed by mass spectrometry-based footprinting
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experiments. The combined bottom-up modeling and protein footprinting methodology
also reveals the consequent corresponding solvent-accessible protein faces and amino
acids. The latter are available to drive the acquisition of additional biomolecules in the
formation of a soft corona [29, 30, 65, 66], and to preferentially bind to anionic
membranes [16]. We thereby infer the possible preferred organizational structure of
NP-cyt c-membrane complexes with biological implications due to potential NP
interference in cyt c (dis)association from membranes which forms a prediction of this
work. Our integrated approach can be applied to NPs and proteins, each with a
broader range of surface chemistries, to develop a database and an associated set of
design rules for the interaction between NPs and proteins, and represents an important
strategy for the mapping of related systems.
3.2 Materials and Methods
3.2.1 Molecular Dynamics Simulations
To characterize the molecular interaction between cyt c (with structure 1AKK from the
PDB) [67] and ligand-coated gold nanoparticles (AuNPs), several molecular dynamics
(MD) simulations were performed with the two species in a large periodic box (Figure
3). The AuNP model consisted of a fully atomistic, 4 nm gold core of 2123 atoms with
fully deprotonated mercaptopropionic (MPA) acid ligands grafted uniformly on the
AuNP surface, following previous work [23], at a ligand density of 5.6 molecules nm−2 as
determined by experiment [11]. The CHARMM36 force field was used for protein-AuNP
simulations [68, 69]. Before the AuNPs and cyt c were combined into one simulation, we
first performed separate equilibrations. The protein and AuNP were solvated in TIP3P
water, neutralized, and ionized using sodium and chloride ions to below physiological
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salt concentrations (0.01 M). These systems first underwent an energy minimization
for 200,000 steps using the conjugate gradient algorithm. Thereafter, the system was
equilibrated for 1 ns under NPT (constant pressure and temperature) conditions using a
standard numerical barostat and thermostat as described below. For the protein system,
backbone atoms as well as the iron and surrounding nitrogens on the heme group were
held fixed during the process. Meanwhile, the gold atoms were similarly constrained for
the nanoparticle’s NPT equilibration. The final coordinates from these simulations were
the initial conditions for 1.6 ns NVT (constant volume and temperature) equilibrations.
During these relaxations, the previously imposed constraints on the atoms were gradually
released. Specifically, a constraint with a 10 kcal mol−1 Å−2 force constant was applied
for the first 200 ps, followed by 200 ps with a 5 kcal mol−1 Å−2 constraint, and then 200
ps with a 1 kcal mol−1 Å−2 constraint. Finally, the system was allowed to equilibrate
unconstrained for one 1 ns.
Once the protein and nanoparticle were equilibrated, the protein was placed in six
different starting orientations with respect to the nanoparticle. By sampling all six of
these orthogonally defined faces, we sampled the state space of possible orientations so
as to obtain a statistically meaningful characterization of the relative preferred binding
orientations. The center of mass of cyt c was held tangentially to the nanoparticle
at a distance of approximately 30 Å. This initial placement was intended to increase
the amount of protein surface area that is exposed to the nanoparticle, without overly
biasing any particular binding site. The initial configurations were subsequently solvated
with a 14 Å layer of TIP3P water. The nanoparticle and protein were placed along the
longest diagonal of the simulation box with box volumes of approximately 1,000,000 Å3
and average box length of 100 Å, which varied slightly depending on the dimensions of
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the protein configurations relative to the AuNP. These combined AuNP-cyt c systems
were ionized and equilibrated using the same procedure as when they were equilibrated
separately. After equilibration, 200 ns production runs with NVT conditions were used
for data collection.
All simulations in this work were carried out using NAMD [70]. Particle Mesh
Ewald (PME) with a 1.0 Å grid spacing was used to describe the electrostatics. Periodic
boundary conditions and scaled 1-4 exclusions were also used throughout all simulations
with a 12 Å pairwise-interaction cutoff and a switching function between 8 and 12 Å
to address the nonbonded interactions. Additionally, all bonds were constrained using
the SHAKE algorithm to allow for a 2 fs time step. Normally, long range electrostatics
were only calculated every 10 fs, whereas short range nonbonded interactions were fully
determined at every time step. However, when needed, the frequency of nonbonded
force calculations was increased, or the time step was decreased, or both, during the
equilibration steps to address errors within associated with the SHAKE algorithm.
Temperature was kept at a constant 300 K using a Langevin thermostat. It had a 5
ps−1 damping constant and was not coupled to hydrogens. For NPT steps, pressure
was maintained at 1 atmosphere using a Langevin piston, with a period of 100 fs and
decay rate of 50 fs. Under these conditions, the simulation box was allowed to expand
isotropically in all dimensions. No Langevin piston was used for NVT simulations, and
the dimensions of the box did not change.
3.2.2 Protein Footprinting
Cyt c is first incubated for 18 h in the presence of 4 nm MPA-AuNPs or without. Next,
N-acetoxy-succinimide is used in 10,000 molar excess of cyt c for lysine labeling for 1
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min, at which point excess reagent is quenched with Tris. To recover the entire protein,
the MPA-AuNPs are dissolved by treatment of the samples with KCN, washing the
protein with 10,000 MWC filters, and evaporating them to dryness. Finally, the proteins
are digested with chymotrypsin, and the resulting peptides are subjected to LC-MS/MS
for percent lysine modification analysis and comparison.
3.3 Results and Discussion
3.3.1 Cytochrome c Structure and Orientation with
Mercaptopropionic Acid (MPA)-Functionalized AuNPs
(MPA-AuNPs)
Despite being perhaps the most thoroughly investigated peripheral membrane protein,
the full characterization of the preferred binding of cyt c to arbitrary nanoscale constructs
such as membranes or nanoparticles is incomplete. Absent crystal structures of cyt c
bound to MPA-AuNP (which may not be possible because the binding may not be rigid),
the precise site(s) or preferred binding orientation(s) on MPA-AuNPs can nevertheless
be assessed via atomistic molecular dynamics (MD) simulations. Sites A, C, L, N
(Figure 4), and several lysine residues have been implicated as possible candidates for
the non-rigid binding site of cyt c to MPA-AuNP [60, 61, 71, 72, 73, 74, 75]. In our
MD simulations, we focused on observables that characterize their relative positions.
For simplicity, we labeled six opposing faces of cyt c by associating each with a plane
of a cube, and arbitrarily chose face 1 to be one that was particularly electropositive.
Specifically, the residues that are closest to this plane are Gly37, Arg38, Lys60, Glu61,
Glu62, Lys99. The orientation around face 1 was constrained by choosing face 2 to be
identified with Glu66, Glu69, Asn70, Lys73, Lys87, and Arg91. The remaining planes
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40 Å5 Å Δx
Figure 4: Representative initial orientation of cytochrome c (cyt c) near the 4 nm
mercaptopropionic acid-functionalized AuNP (MPA-AuNP). The five centers of mass
(COMs) on cyt c (shown to the right of the MPA-AuNP) used to monitor the distances
∆x to the bare AuNP surface are color coded for site A (green), site C (orange), site L
(blue), site N (red), and the cyt c (black) COM. In the MPA-AuNP, gold atoms are
shown as orange beads, and the ligands are shown as a stick model highlighting sulfur
atoms, oxygen atoms, and the carbon chains in yellow, red, and cyan, respectively. Note:
the MPA ligand layer is 5 Å, and this distance can be subtracted from ∆x to obtain
distance from the ligand-coated AuNP surface.
were then associated as follows: Face 3 with Thr48, Thr49, Asp50, Ala51, Lys53, and
Asn54; face 4 with Asp2, Val3, Glu4, Lys5, Lys7, and Lys8; face 5 with Glu21, Lys22,
Gly23, Gly24, Lys25 and His26; and face 6 with Lys13, Gln16, Thr28, Lys72, Lys79,
and Ile81. We ran six molecular dynamics trajectories, each with a different face of cyt
c facing the MPA-AuNP as the starting orientation (Figure 5).
3.3.2 Relative Orientation of Cytochrome c in Close Proximity to
MPA-AuNPs
The relative orientation of cyt c in each of the trajectories was tracked using the relative
distance between the COMs of selected sites and the bare AuNP surface shown in Figure
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4. The values of these figures of merit along the trajectories from a representative sample
of initial orientations of cyt c are shown in Figure 6 and correspond to the structures
shown in Figure 5. The steady descent of the cyt c COM towards the AuNP surface
suggests non-rigid association of the protein with the AuNP. The three trajectories not
shown here either had the cyt c effectively remain in the initial orientation (either near
site A or site L), or did not quite relax to any structure within the 200 nanosecond
simulation (Figs. A3.2, A3.3, A3.4 in the Appendix). The three shown here display
relaxation from different orientations, and all three settle into configurations with either
site A or L facing the MPA-AuNP, suggesting that they are the preferred non-rigid
binding orientations. In some trajectories, cyt c reaches a minimum in which site
Figure 5: The starting orientations of cyt c around the MPA-AuNP for Trajectories
1-6, as labeled by the face of the protein and corresponding die shown coming out of
the page to the reader. The face of the protein initially pointing towards the NP is
indicated by the face of the bottom of the die. For example, trajectory 1 has face 2
initially pointing towards the NP, and that face can be seen from the initial structure
of trajectory 2. The color scheme representing the COMs of the cyt c binding sites
and the atoms and ligands on MPA-AuNP is the same as in Figure 4. Sodium ions are
shown as gray beads.
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L drives the binding but site A is not quite on the opposite end. Further detail on
the orientation is captured in Figures 7 and 8, which show the distances from specific
residues on sites A and L, respectively. Lysine residues that are within 10 Å of the AuNP
surface suggest salt-bridge formation with the MPA ligand layer. In those trajectories
which lead to structures with good overall binding for site A, residue K86 is closest to
MPA-AuNP. This does not necessarily mean that the interaction between K86 and the
NP is driving the binding because it is the totality of the interactions facing the NP for
the preferred orientations of cyt c that drives the binding. However, the tendency for
the proximity of K86 does suggest specificity in the relative orientation of the binding.
That is, the contact is nearly centered at residue K86 for site A, whereas all of the
residues associated with site L are in near proximity, including K22. Both of these sites
are accessible through the footprinting methods being used experimentally in this work
Figure 6: The distance ∆x between the COM positions of the cyt c binding sites and
the MPA-AuNP surface, as highlighted in Fig. 4, are monitored for trajectories 3, 4, and
6. The green, blue, orange, red, and black curves are the measured distances between
the bare AuNP surface and the COM of site A, site L, site C, and site N or the cyt c
COM, respectively.
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Figure 7: The distance ∆x between the specific groups of amino acid–residues K72,
K73, K86, and K87, and the COM of site A–in the anionic phospholipid binding site A
of cyt c and the surface of the MPA-AuNP for trajectories 3, 4, and 6.
(vide infra).
3.3.3 Cytochrome c Secondary and Tertiary Structure
Conformations
While the relative distance and orientation of cyt c to the MPA-AuNP surface were
revealed through the simulations reported in the previous section, these do not clearly
tell us which of the two local minima–with binding at sites A or L–is preferred. To help
resolve this question, we monitored the radius of gyration as shown in Figures 9 and
A3.5 and RMSD of cyt c as shown in Figure A3.6 throughout the 200 ns trajectories.
As a control on the size of the protein, we ran a 200 ns trajectory of cyt c solvated by
the same density of TIP3P waters as used in the protein-NP simulations, and provide
those values in Figure A3.1. As seen there, the radius of gyration, Rg, of the free cyt
c in solution is approximately 13.6 Å in agreement with the experimentally observed
value at 13.5 Å [76]. The trajectories that bind to site L, such as that from trajectory
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Figure 8: The distance ∆x between the specific groups of amino acids–residues K22,
K25, K26, K27 and K33, and the COM of site L–in the anionic phospholipid binding
site L of cyt c and the surface of the MPA-AuNP for trajectories 3, 4, and 6.
Figure 9: The radius of gyration Rg of cyt c vs. time along each 200 ns MD trajectory
(right panels) as a function of the distance ∆x between the cyt c COM and the surface
of the MPA-AuNP (left panels).
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3 (Figs. 6a and 8a), remain at Rg values comparable to that of the free protein. On
the other hand, in the case of the structures binding at site A (from trajectories 4
and 6; Figs. 6b,c and 7b,c), both the Rg and RMSD increase as cyt c approaches the
MPA-AuNP, suggesting the proteins open up in response to an interaction with the
MPA-AuNP. This further suggests that non-rigid binding at site A may be strengthened
by internal energy changes (which compensate for the internal restructuring), while
the non-rigid binding at site L is driven by entropic considerations (which permit a
large set of orientations to be stable.) This finding in the simulations agrees with the
experimental observations in that both sites are found to have some degree of non-rigid
binding, and the specific sites exposed to solvent in the final configurations seen here
correspond to those seen to be available in the footprinting results (vide infra). In all
trajectories, the RMSD values for the heme group remain nearly constant throughout
the trajectory, and the heme group is not directly involved in binding, as previously
shown in simulations of cyt c on Ag surfaces [75].
3.3.4 Cytochrome c Circular Dichroism
The secondary and tertiary structure of both free cyt c in water and cyt c adsorbed
on MPA-AuNPs were examined by circular dichroism (CD) [77]. The far-UV CD
spectra of free cyt c has two negative peaks at 208 and 222 nm, corresponding to the
helical character of the protein (Figure 10) [78]. The ratio of the 222 nm and 208 nm
signal can be utilized to evaluate the α-helices of proteins [79]. Canonical α-helices
have an expected range of 1.25-1.75 [80]. The 222/208 nm ratio is 1.72 in free cyt c
and corresponds to reported CD spectra of cyt c [81, 82, 83, 84, 85]. In comparison,
while cyt c incubated with MPA-AuNPs exhibits minima at the same wavelengths,
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the global minimum has switched from 222 nm to 208 nm, resulting in a lowered
222/208 nm ratio of 0.77. A similar shift, while not as pronounced, has been observed
in studies of cyt c adsorbed to multiwall carbon nanotubes and glutathione-capped
AuNPs [81, 82, 83, 84, 85].
To estimate the percent composition of secondary structures, the CD spectra were
further deconvoluted using CONTIN (Figure 11) [86]. The regular α-helix composition
decreased upon adsorption to MPA-AuNPs (28% versus 17%). A corresponding increase
was calculated in the content of distorted α-helix structures (8% versus 12%) and
regular α-sheet content (3% versus 12%). Increase in α-sheet composition of cyt c has
been reported to correlate to conformational changes, which increase exposure of the
heme site [87]. Taken in combination with the protein deformation observed in the MD
simulations (vide supra), the secondary and tertiary structure of cyt c are distorted
upon interaction with MPA-AuNPs.
Figure 10: Circular dichroism spectra for cyt c free and incubated with MPA-AuNPs.
The CD spectra of free cyt c, 4 µM in H2O, is shown in black and cyt c + MPA-AuNP
(18 nM) is shown in red.
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Figure 11: Secondary structure calculations. Contributions to cyt c secondary structure
were determined by fitting CD spectra using CONTIN. Contributions from regular
α-helix, distorted α-helix, regular β-sheet, distorted β-sheet, turn, and unordered are
shown in black for free cyt c and red for cyt c incubated with MPA-AuNP.
3.3.5 Cytochrome c Lysine-Specific Protein Footprinting
The binding sites indicated to be important for particle interaction by the MD simulations
are all lysine-based. Previous studies of cyt c-nanoparticle systems have identified
that the electrostatic interaction of lysine residues with negatively charged ligands is
important [55, 57, 75, 81, 82, 83, 84]. In addition, lysine residues have been found to have
a higher propensity to penetrate the NP surface-bound water layer due to their flexible
side chain, thereby facilitating binding [75]. Dordick and co-workers determined site A
preferentially interacted with 4 and 15 nm silica NP [55] . However, in a previous report
Dordick and co-workers did not observe a change in cyt c structure upon adsorption
to 4 nm silica NPs, but did for larger NPs [82]. The preferential binding of both sites
A and L in cyt c observed in our simulations and the deformations observed by both
simulation and CD experiments suggest that the binding interactions are likely not the
same with 4 nm MPA-AuNPs.
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To interrogate preferential binding, we utilized lysine-specific protein footprinting
[53]. This strategy enables the identification of lysine residues that are differentially
accessible in the native versus nanoparticle-bound forms of cyt c. This is accomplished by
acetylation of only solvent accessible residues followed by characterization of the extent
to which each lysine is modified using mass spectrometry-based methods. Chymotrypic
digests of labeled cyt c and of labeled cyt c from complexes with MPA-AuNPs were
subjected to nanoLC-MS/MS for peptide mapping. There was a decrease in modification
upon incubation with MPA-AuNPs for all three lysine residues in site L (Figure 12:
K22, K25, K27), in addition to K86 of site A and K79, indicating decreased solvent
accessibility either due to particle binding or protein deformation. On the other hand,
Figure 12: Degree of lysine modification determined by nanoLC-MS/MS. Site L (K22,
K25, K27) exhibits a decrease in acetylation when incubated with MPA- AuNPs (red)
compared to free cyt c (black) as do K86 of site A and K79. Site A exhibits an
increase in labeling at lysines 73 and 74, as well as K5 and K39, upon incubation with
MPA-AuNPs. Error bars represent the standard error of three independent experiments.
Included spectral data had peptide identification with p < 0.01 and modification site
identification with p < 0.01. Statistical analysis was performed with non-parametric
one-way ANOVA (α = 0.05; ***p < 0.001; **p < 0.01; *p < 0.05).
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two lysine residues in site A (K72 and K73), as well as K39 exhibited an increase
in acetylation, and therefore solvent accessibility, suggesting they are not integral in
the interaction of cyt c with 4 nm MPA-coated AuNP. This also implies that these
residues may become more solvent exposed due to protein deformation on the NP
surface. Examination of the location of the lysine residues–illustrated in Figure 13–with
decreased acetylation upon interaction with MPA-AuNP reveals that they are close
in space. Nakano and co-workers have previously identified K13, K25, K27, K79, and
K86–of which K25 and K27 are associated with site L and K86 is associated with site
A–as the probable interaction site of cyt c with 11-mercaptoundecanoic acid coated Au
surfaces [88], in line with our results indicating that the lysine residues of site L, as well
as K79 and K86, preferentially interact with the MPA-AuNP.
Figure 14 summarizes the collective findings between the experiments and simulations.
Two of the putative binding sites to cardiolipin, sites A and L, are seen to have some
degree of preferred non-rigid binding to MPA-AuNP. Neither subspace of structures
is perfectly aligned with the corresponding cardiolipin binding site because not all
of a given site’s residues are in proximity to MPA-AuNP at equilibrium. The poses
that they take on are aligned, and exhibit similar orientation between simulation and
experiment in so far as the lysine residues that are seen to be exposed or not exposed
in the experiment are commensurate with the poses from the simulation. In these two
orientations, the residues of sites A and L become less solvent accessible by either facing
the MPA-AuNP surface or neighboring cyt c in the protein corona.
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Figure 13: Horse heart cyt c (1AKK). Lysines K5, K72, K73, and K39 had an increase
in percent modification upon MPA-AuNP incubation (magenta). Lysines K22, K25,
K27, K79, and K86 had a decrease in percent modification upon MPA-AuNP incubation
(green). Lysines K7, K8, K60, K87, K88, K99, and K100 had no change in percent
modification (cyan). Lysines K13, K60, and K53 were not detected by LC-MS/MS
(gray).
Figure 14: Two possible orientations of cyt c non-rigidly bound to MPA-AuNP consistent
with the simulations and experiments are shown here: (a) K22 (in site L) and K86 and
87 (both in site A) facing the NP, and (b) K86 and K87 (both in site A) and K22 (in
site L) facing the NP. In both orientations, K39 and K72 (in site A) are opposite to the
MPA-AuNP and the most solvent accessible. K86 is closer to the MPA-AuNP surface
than K87, making it less solvent accessible, in agreement with footprinting experiments.
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3.4 Conclusion
A central tenet of this work has been the advantages for combining experimental
footprinting and computational molecular dynamics methods to efficiently converge on
an optimal binding structure in long-lived hard coronas [89] even when binding is not
fully specific or rigid. This was shown through the particular interaction between cyt
c and 4 nm MPA-AuNPs, but the overall tandem strategy is general and represents
a promising approach to quickly identify and verify potential binding regions. It can
be used, for example, to probe preferential binding orientation and deformability of
proteins in a NP size-dependent manner, as previously observed by simulations and
experiments [34, 90, 91]. A key aspect to the success of the footprinting was the
confirmation, suggested by the simulations, that lysine residues can be used as reporters
for determining the possible poses of cyt c in relation to MPA-AuNP. Similarly, the
results of the footprinting, in supporting the MD simulations, removed the need for
determining a larger number of trajectories so as to reduce the error from the ensemble
averaging of trajectories that would have come at large computational cost.
Previously, we observed a preferred binding site of cyt c on anionic lipid domains
and the binding of MPA-AuNPs to membranes proportional to the number of cyt
c on the membrane, using MD simulations and quartz crystal microbalance with
dissipation monitoring experiments, respectively [16]. Through MD simulations and
protein footprinting in this work, we show that cyt c can adopt two different but
specific orientations in non-rigidly binding to MPA-AuNP. The solvent-exposed faces
resulting from the preferred orientations of cyt c on membranes are thus available for
cyt c to bind to MPA-AuNPs if that process is additive. Thus, protein footprinting
and MD simulations of peripheral membrane proteins adsorbed onto NPs provide a
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critical component to understand the role of cyt c in facilitating the binding of NPs to
membranes. Given the technical challenges of exploring this three-way interaction, our
ability to make these connections through pairwise studies is of particular significance.
More generally, this combination of experimental and computational tools will find
broad utility for the exploration of many pairwise and multi-component interactions to
investigate mechanisms of protein corona formation and potentially, predict particle
toxicity by the structure and reactivity of its corona.
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Chapter 4
The Effect of Surface Curvature and
Ligand Structure on Ligand
Environment in Self-Assembled
Monolayers on Gold Nanoparticles
4.1 Introduction
The molecular composition and conformation of the ligand shell are crucial to the
chemical and biological behavior of the nanoparticles [92]. Thiolated ligands are known to
bind strongly to gold nanoparticles (AuNPs) and form self-assembled monolayers (SAMs),
which impart colloidal stability and desired functionality to the nanoparticles [93].
Surface functionality of SAMs on AuNPs also plays an important role in nanoparticle
cytotoxicity [94]. Spectroscopy and microscopy techniques, including UV-Vis [95], FTIR
[96], XPS [40, 96], TEM [97], and STM [98], have been explored to investigate the
chemical environment of SAMs on AuNPs. However, the determination of the ligand
conformation at the molecular level is still challenging [99].
Nuclear Magnetic Resonance (NMR)-based approaches provide great potential in
elucidating the surface chemistry of ligand shells on nanoparticles in solution [100].
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NMR has been used previously to investigate ligand shells on nanoparticles, to
discriminate between bound and free ligands, to identify and quantify bound ligands,
and to understand the binding mode of ligands and their dynamics
[97, 101, 102, 103, 104, 105, 106]. The majority of the reported NMR studies on small
molecule SAMs on AuNPs have been limited to isotropic spherical nanoparticles, or
gold nanospheres (AuNSs), with diameters less than 6 nm. This is partly due to the
relative low sensitivity of NMR, which requires a very concentrated nanoparticle
sample. Typical AuNP colloidal solutions, for instance, are nM to µM in particles, and
the concentration limit for the larger nanoparticles is inherently lower because of their
larger volumes. Moreover, ligands that are associated with larger nanoparticles
experience significant line broadening, which can obscure peak assignments and
integration.
To overcome the aforementioned problems of using NMR to study ligand environment
on larger nanoparticles, we synthesized (16-mercaptohexadecyl)trimethylammonium
bromide (MTAB) and used MTAB SAMs on AuNSs (MTAB-AuNSs) as a model for
solution NMR analysis (Figure 15). MTAB-AuNSs are very stable in aqueous solution
at very high particle concentrations, allowing the low sensitivity of NMR to be overcome
[107]. The protons in the trimethylammonium headgroups that are exposed to the
solvent are the most mobile protons in the ligand, which makes them suffer the least
from line broadening [107]. Furthermore, their chemical shift is ∼2 ppm away from
that of the interfering protons in the methylene main chain. Taken together, we choose
these protons to infer ligand packing, mobility, and conformation.
It is known that the conformation of SAMs on AuNSs less than 5 nm is highly
dependent on the nanoparticle size and the surface curvature [108]. To further
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Figure 15: A cartoon of the MTAB monolayer binding to a gold surface.
investigate the role of surface curvature on the ligand environment, and to examine the
upper limit of the nanoparticle size that is suitable for NMR analysis, MTAB-AuNSs of
sizes ranging from 1.4 nm to 25 nm were synthesized and analyzed by solution NMR.
We used complementary MD simulations to investigate (11-mercaptoundecyl)
trimethylammonium bromide (MUTAB), an analog of MTAB, on 4, 6 and 8 nm
MTAB-AuNSs at different ligand densities. These simulations provide exquisite detail
on the typical positions of the ligands at each of these three diameter sizes. Indeed, the
NMR determined ligand packing order and headgroup mobility are seen to be
commensurate with the structuring of the ligands seen in the MD simulations.
4.2 Materials and Methods
4.2.1 Molecular Dynamics Simulations
Computational structures of AuNSs at sizes 4, 6, 8 nm in diameter were constructed
through a sequence of steps: placing gold atoms at least four atomic radii apart within
a sphere, heating the system to 1400 K, slowly cooling to 300 K, and equilibrating
at 300 K. We used (11-mercaptoundecyl)trimethylammonium bromide (MUTAB) as
a simplified model for MTAB. The OPLS-AA force field [109] is used to model the
interactions of MUTAB ligands. Previous simulation studies of SAMs on gold surfaces
with chain lengths in the range of 9-20 carbons have shown that the hydrophobic chain
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packing dominates the structure with a negligible effect of the headgroup chemistry
on the positioning of headgroups [110, 111]. The interaction between the gold atoms
is modeled using a Lennard-Jones potential initially with the parameters specified by
Heinz and co-workers [112]. The Lennard-Jones parameters for the interaction potential
between gold atoms employed in simulations of MUTAB functionalization onto gold
were subsequently adjusted so that the gold-carbon parameters, after applying geometric
mixing rules, fit those developed by Landman and co-workers to model alkane adsorption
onto gold surfaces [113]. The adjusted parameter for εAu−Au is 1.55 kcal/mol and for
εAu−Au is 2.629 Å.
To simulate ligand attachment, a Morse potential was used for the interaction
between sulfur and gold atoms, using the parameterization of Ghorai and Glotzer [110].
MUTAB ligands were placed with sulfur atoms near the AuNS surface with the AuNS
fixed at the center of the simulation box, and simulations were run for 0.1 ns at 300
K. We subsequently defined harmonic bonds between sulfur atoms and their nearest
gold atoms. The system was equilibrated for 2 ns at 300 K, and then heated for 3
ns at 400 K, following the protocol of Luedtke and Landman [114]. The system was
re-equilibrated for 10 ns at 300 K and until a convergence in the average tilt angle of
ligands was reached (Figure A4.1 in the Appendix). Production simulations for an
additional 10 ns were then run to obtain data for analysis with samples collected once
every picosecond.
Packmol [115] was used to construct initial configurations for AuNS synthesis and
to distribute MUTAB ligands on the AuNS surface at 4.0 and 6.0 molecules per nm2
densities. All simulations were propagated using LAMMPS [116] at 2 fs per timestep.
Periodic boundary conditions were employed with a 10 Å cutoff for pairwise interactions
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at constant NVE condition–that is, number of atoms N, volume V, and energy E. A
Langevin thermostat with a damping constant of 10 ps−1 provided energy dissipation
and maintained the average energy vis-à-vis effective temperature. The particle-particle
particle-mesh (PPPM) method was used to calculate electrostatic interactions with
explicit bromide counterions included to neutralize each ligand. The relative permittivity
was set to 80.1 so as to represent water. Box sizes were chosen so that the total bromide
concentration was 0.136 M.
4.2.2 MTAB-AuNP Synthesis and Characterization
In a typical synthesis, citrate- or CTAB-stabilized gold nanoparticles are first synthesized
and then MTAB ligands are exchanged at elevated temperature in excess. After
synthesis, nanoparticles were characterized by UV-Vis spectroscopy, dynamic light
scattering (DLS), zeta potential analysis, and transmission electron microscopy (TEM).
Concentrations were determined according to published UV-Vis extinction coefficients
[117]. Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine
the gold concentration of digested samples. Nuclear magnetic resonance (NMR) spectra
were acquired using a Varian Unity Inova narrow-bore 500 MHz (UI500NB) spectrometer
and Varian Unity Inova narrow-bore 750 MHz (VNS750NB) spectrometer (Varian Inc.)
at 298.15 K. Spectra were processed with MNova (Mestrelab Research). Chemical shifts
are reported in parts per million (ppm) and are referenced to the residual proton solvent
peak. For quantitative NMR analysis, a known amount of maleic acid (with D2O as
solvent) or benzoic acid (with CDCl3 as solvent) was added as internal standard and
peak integrations were compared to this internal standard.
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4.3 Results
4.3.1 NMR Chemical Shifts
Chemical shifts of the headgroup proton signals depend on the size of the AuNSs (Figure
16). The chemical shift of the headgroup protons in the free MTAB ligands is 2.99 ppm.
We observe a gradual downfield shift in the headgroup proton signals from 3.05 ppm to
3.23 ppm as the size of the nanospheres increases from 1.2 nm to 10.8 nm. Then, the
chemical shift plateaus after the size of AuNSs reach beyond 10.8 nm. The chemical
shift of thiol ligands is known to be not only determined by their chemical structures
but also by their neighboring ligands [98]. For a single moiety ligand shell such as
MTAB, the chemical shift of headgroup protons is dependent on the MTAB packing
density: the number and/or distance of neighboring positively charged headgroups
affect the electron density of headgroup protons. The trend in chemical shift is similar
to what is observed for the MTAB analog CTAB as a function of concentration: as
CTAB transition from single molecules to premicelles, to spherical micelles, and finally
to rod-shaped micelles in water upon increasing concentration, the headgroup proton
signals shift downfield from 2.98 ppm to 3.11 ppm [118]. For MTAB on AuNSs, the
similar trend in chemical shift from 2.99 ppm to 3.23 ppm suggests that MTAB packing
density increases as particle size increases, up to 10.8 nm. Beyond 10.8 nm, MTAB
headgroups are saturated on the gold nanoparticle surface. The headgroups might form
a more ordered structure on the particle surface compared to CTAB micelles.
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Figure 16: Dependence of the chemical shift of the headgroup protons of bound MTAB
as a function of AuNS diameter. Error bars for chemical shifts are smaller than the
squares. Free MTAB is at 0 diameter.
4.3.2 Ligand Density of MTAB on AuNPs
Since the headgroup protons can be fully detected by 1H NMR for sizes up to 25 nm,
we can potentially use the headgroup proton peaks as a probe to quantify the ligands
on nanoparticles by quantitative 1H NMR analysis using an internal standard. Maleic
acid was used as an internal standard because its proton signals do not overlap with
the MTAB headgroup protons, and it does not interact with MTAB ligands.
One might argue that since the headgroup proton peaks are broad, the processing
of the NMR spectra such as baseline correction and peak fitting may cause integration
errors. Therefore, we also used an indirect method to quantify the ligand density. I2/I
−
was used to etch the gold core in MTAB-AuNSs and release the surface-bound MTAB
ligands. Since MTAB and its disulfide do not dissolve in water under room temperature
after being released, CHCl3 was used to extract the released the ligands. We found
that no more free ligands can be extracted after 48 hours of reaction. Benzoic acid was
used as an internal standard because its proton signals do not overlap with the MTAB
headgroup protons, and it does not interact with MTAB ligands.
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Figure 17: Dependence of ligand density of the headgroup protons of bound MTAB as a
function of AuNS diameter. Blue dots: Data from in situ quantitative NMR integration
relative to a maleic acid internal standard. Orange dots: Data from experiments in
which the gold was digested and free ligands were quantified after purification relative
to a benzoic acid internal standard.
Figure 17 shows the relationship between the ligand density and the sizes of the
nanospheres. The error bars in Figure 17 combine that of particle size heterogeneity
from TEM, gold content quantification from ICP-MS measurement, and the ligand
quantification from quantitative NMR. The MTAB ligand density is size dependent from
both methods: the ligand density decreases as the size of the nanoparticles increases,
from ∼5-6 MTAB molecules per nm2 to ∼3 MTAB molecules per nm2 if we directly
quantify the bound MTAB ligands, or from ∼4-5 MTAB molecules per nm2 to ∼2
molecules per nm2 if we quantify the released MTAB ligands after I2/I
− treatment, as
nanosphere size increases from 4.8 nm to 25.0 nm.
4.3.3 Molecular Dynamics Simulations of MUTAB-AuNPs
We used molecular dynamics (MD) simulations to study the structure of the MUTAB
ligand layer on 4, 6, and 8 nm AuNSs at ligand densities of 4.0 and 6.0 molecules per
nm2–the minimum and maximum in the range of ligand densities determined for 4 and








Figure 18: Simulation snapshots of MUTAB-AuNSs with the following size and ligand
density: Rows A, B and C correspond to 4 nm, 6 nm, and 8 nm diameters, respectively;
and Columns 1 and 2 correspond to 4.0 molecules nm−2 and 6.0 molecules nm−2 ligand
densities. Gold atoms are shown in yellow, sulfur in green, carbon in gray, hydrogen in
white, and nitrogen in blue. Bromide counterions are removed for clarity.
forms islands on the nanoparticle surface (Figure 18). The formation of ligand islands is
attributed to the competition between hydrophobic chain packing and the free volume
in space available per ligand particularly at high surface curvatures [110, 111, 119]. To
quantify the structural changes in the MUTAB layer as a function of AuNS size and
ligand density, we calculated the radial distribution function, g(r), between the AuNS
center of mass and nitrogen atoms in the headgroup of MUTAB (Figure 19) and the
g(r) between all pairs of nitrogen atoms (Figure 20). The g(r)’s were obtained using
histograms with bin sizes of 0.1 Å averaged over 5000 frames per trajectory for five
trajectories per AuNS size and ligand density and normalized by the annular volume.
The g(r)’s for individual trajectories are available in the Appendix (Figs. A4.2 and
A4.3).
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Figure 19: Radial distribution function, g(r), between the nanoparticle center of mass
for 4, 6, and 8 nm AuNSs and the nitrogen atoms of MUTAB at ligand densities of 4.0
and 6.0 MUTAB molecules nm−2.
Figure 20: Radial distribution function, g(r), between all pairs of nitrogen atoms in
the headgroup of MUTAB at ligand densities of 4.0 and 6.0 MUTAB molecules nm−2.
The coordination number (C.N.) of MUTAB headgroups is determined by taking the
integral under the first peak in each g(r).
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At a ligand density of 4.0 molecules nm−2, the g(r) between the AuNS center and
MUTAB headgroups for 4 nm AuNSs shows peaks that appear near the surface (Figure
19). This suggests that a significant number of ligands lie along the AuNS surface.
As the AuNS size increases and curvature decreases, there are fewer ligands lying on
the nanoparticle surface, as shown by the disappearance of the peaks near the surface,
designated as 2 nm, 3 nm, and 4 nm from the nanoparticle center for 4, 6, and 8
nm AuNSs, respectively (Figure 19). The hump between peaks at the surface and
the major peak also disappears as the nanoparticle size increases. The greater spatial
distribution of MUTAB headgroups on smaller AuNSs is attributed to an increase in
chain packing disorder due to greater free volume per ligand [120] and the greater tilt
of chains particularly on the edges of the ligand islands as ligands pack along AuNSs of
higher surface curvature [110, 119]. Further, the disappearance of the hump and the
increase in magnitude of the major peak suggest that MUTAB ligands on 8 nm AuNSs
are more ordered, standing more upright with decreased tilt due to greater hydrophobic
chain packing on the nanoparticle surface. At a higher ligand density of 6.0 molecules
nm−2, the g(r) between the AuNS center and MUTAB headgroups reveals a single
major peak for all AuNS sizes (Figure 19). The g(r)’s show a more pronounced tail
near the surface of 4 nm AuNSs and sharper peaks for the larger AuNSs, signifying
greater chain packing order at lower surface curvatures and higher ligand densities.
Measuring the distance between all pairs of nitrogen atoms, we find that the nearest
neighbor for each MUTAB headgroup is 5.4 Å away independent of AuNS size and
ligand density (Figure 20). The coordination number of each headgroup increases and
approaches the hexagonal packing limit of 6.0 with both increasing AuNS size and ligand
density. Figures 19 and 20 combined suggest that for smaller AuNSs and at lower ligand
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densities, there is a greater spatial distribution of headgroups relative to the AuNS
surface with smaller coordination number per headgroup. For larger AuNSs and at
higher ligand densities, a higher coordination number per charged headgroup and greater
chain packing order lead to the accumulation of high charge density within the same
spherical shell relative to the nanoparticle center, which could explain the downfield
shifts in headgroup protons observed under such conditions by NMR experiments.
4.4 Discussion
The literature of self-assembled monolayers of thiols on gold is vast [93]. The majority
of studies that focus on the details of ligand density and conformation are on flat gold
surfaces or on colloidal AuNPs of less than ∼6 nm diameter. For instance, Häkkinen
et al. interpreted the 1H spectra of p-mercaptobenzoic acid capped 1.5 nm gold
clusters in solution in terms of the special ligand environments on the cluster surface by
multidimensional NMR, DFT calculations, and MD simulations [121]. Murray et al.
investigated dodecanethiolate capped AuNPs of 1.5 to 5.2 nm in diameter by studying
the methylene stretching modes in infrared spectroscopy (IR), and showed that ligands
adopted a highly ordered conformation on ∼4 nm gold nanoparticles in the solid phase.
They also analyzed gold nanoparticles by 1H NMR and showed that NMR signals are
broader as the diameter of the AuNPs increases from 1.5 nm to 5.2 nm, and the peak
broadening causes difficulties in interpretation [108]. For particles larger than 5 nm,
Castner et al. used ATR-FTIR to investigate the compactness of –COOH terminated
SAMs on 14 nm, 25 nm, and 40 nm AuNPs in the solid phase, and showed that
C16COOH-SAMs are well-ordered on 14 nm gold nanoparticles [96]. To our knowledge,
there are no reports of using NMR to study SAMs on AuNPs larger than ∼6 nm. The
49
advantage of using solution-phase NMR for detailed ligand characterization is that
measurements can be made in situ in aqueous solution, the most relevant environment
for the many biological applications of these particles; the disadvantage is the low
sensitivity of NMR [100].
To overcome the main disadvantage of NMR, colloidal AuNP solutions in this study
were prepared at concentrations ∼100 times compared to those of typical measurements,
without aggregation. The highly charged and somewhat bulky headgroups of the MTAB
ligands helped contribute to this increase in colloidal stability as well as providing a
convenient NMR handle (the solvent-accessible quaternary ammoniums).
For MTAB-AuNSs, the chemical shift analysis of the headgroups and ligand density
analysis allow us to infer the packing of the headgroups and the sulfur atoms, respectively,
in MTAB ligands when bound to AuNPs of various diameters. One key result is the
ligand density and the packing of headgroups are not necessarily correlated. If we
consider Figures 16 and 17, we learn that as the particle diameter increases, the chemical
environment of the ligand headgroup more and more resembles, and may even pack
denser than that of a well-packed micelle (Figure 16); yet the ligand density is largest
for the smallest nanoparticles, and is smallest for the largest nanoparticles (Figure 17).
We are forced to conclude, then, that for the smaller nanoparticles, the ligands must be
more disordered and mobile. The experimental data agree well with the conclusions
from the MD simulations reported above. The pair correlation functions, g(r), in
Figures 19 and 20 show that increasing the nanoparticle size leads both to increased
ordering of the headgroups and decreased direct contact between the headgroups and
the nanoparticle surface. The key result from the simulations, illustrated in Figure 18,
is the existence of ligand islands with increased propensity in the smaller nanoparticles
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that leads to closer headgroup packing between proximal ligands than would be seen if
they were uniformly distributed across the nanoparticle. The consensus interpretation
from both the experiments and simulations is summarized in Figure 21, illustrating how
the conformation of MTAB SAMs on AuNPs changes according to the nanoparticle
size.
Ligand densities of MTAB on AuNSs of different diameters were quantified by NMR
in two independent ways: direct peak integration, relative to a maleic acid standard, of
bound ligands; and peak integration of released ligands after iodide etching of the gold
cores, relative to a benzoic acid standard. The numerical values follow the same trend
with size (Figure 17), but the averages differ by ∼30-50%, with the in situ measurements
systematically larger than the digested values. This result might imply that digestion
is not complete, or that the ligand losses in the purification process are considerable.
Therefore, in situ measurements of nanoparticle-bound ligands, with an appropriate
internal standard, might be preferable for quantification of ligand density for particles
up to 25 nm in diameter.
There are many reports of ligand density on SAMs on AuNPs in the literature,
using many different methods. Some reports suggest that ligand density is
size-dependent, similar to what we found. As early as 1987, Nuzzo and Dubois et al.
studied methanethiolate SAMs on Au(111) surface under ultra-high vacuum (UHV)
conditions, and reported a surface coverage of 0.33, or a ligand density of 4.65
molecules per nm2, by XPS [122]. Murray et al. studied dodecanethiol capped 2.4 nm
gold nanoclusters, and found out that surface coverage is double this value (0.66),
compared to ligands on flat Au(111) surface, combining SAXS and elemental analysis.
Their analysis suggested that the high surface curvature relieves the steric crowding
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and/or the reactivity of Au atoms on the surface [108]. Mirkin et al. quantified
thiolated oligonucleotides on AuNPs of 10 to 200 nm diameters by fluorescence. They
also observed that smaller nanoparticle sizes exhibited larger ligand densities than
larger particles, but the absolute values of ligand density are smaller than the ones we
report here, due to large size of the oligonucletides [123].
Other reports, however, suggest that the ligand density on AuNPs is size-independent.
Lämmerhofer et al. studied ligand coverage of C3, C11, C16 COOH-SAMs on AuNPs of
13 nm to 26 nm in diameter by plotting the ratio of gold to sulfur amount determined
by ICP-MS to nanoparticle diameter. A linear relationship was observed, implying
that the ligand density is size-independent [124]. Millstone et al. also analyzed the
ligand density of C8 and C11 COOH terminated SAMs on AuNPs of 13 nm and 31 nm
in diameter by using NMR to quantify digested ligands and ICP-MS to quantify gold
content, and the results also suggest that ligand density is size-independent [125].
These apparently conflicting reports can be reconciled by considering the volume of
the terminal headgroup on the SAM. The spherical volume occupied by sulfur, COO−,
and N(CH3)
3+ is 7.24, 8.18, and 82.4 Å3, respectively. For ligands with bulky headgroups
and flexible linkers, such as MTAB and DNA, headgroup size controls ligand density. At
small particle sizes, headgroup jamming is avoided by altered conformations at full ligand
coverage, but at sufficiently large sizes where the headgroups are saturated on the ligand
shells, headgroup sizes and surface curvature control ligand density (Figure 22). The
computer images captured in Figure 18 and the statistically significant structure found
through the radial distribution functions of Figure 20 reveal that MTAB headgroups
transition from islands to uniform coverage with increasing ligand density, and the onset
occurs at lower ligand density with increasing AuNSs size. For headgroups that have a
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similar or smaller size than sulfur bound to the gold surface, such as carboxylic acids,
ligand density is size-independent (Figure 22).
Figure 21: Scheme showing the MTAB conformation and packing as a function of
nanoparticle size.
Figure 22: Scheme showing for ligands that have headgroups that are similar or smaller
in size than sulfur, ligand density should be independent of particle size.
4.5 Conclusion
In this work, we have shown that solution NMR spectroscopy is a robust analytical
tool for determining the structural conformation of the ligand shell of nanoparticles
in situ. In parallel, molecular dynamics simulations provided an atomic resolution
of the equilibrium structure and the transition of the ligand coverage from small to
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large diameter AuNSs. By studying the chemical shifts and ligand densities in concert
with simulations, we are able to systematically demonstrate the ligand conformation of
MTAB-AuNSs of sizes from 1.2 nm to 25 nm.
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Chapter 5
Adsorption Dynamics and Structure of
Polycations on Citrate-Coated Gold
Nanoparticles
5.1 Introduction
Layer-by-layer assembly of oppositely charged polyelectrolytes onto the gold nanoparticle
(AuNP) surfaces with molecular probes or small drug molecules embedded between
layers allows for AuNPs to act as sensing [126], imaging [127], and drug-delivering
agents [128, 129]. In addition to exhibiting a desired function or property, such particles
increasingly must satisfy an additional figure of merit: they and their transformations
in the environment must have zero or minimal impact on biological systems [6, 7]. As
an example, AuNPs grafted with charged, long-chained alkanethiols have been seen in
simulations to insert into and disrupt lipid membranes [130, 131, 132, 133, 134]. AuNPs
coated with the cationic polyelectrolyte poly(allylamine hydrochloride) (PAH) are more
prone to aggregation compared to alkanethiol-coated AuNPs despite having a higher
surface charge density [11]. PAH-coated AuNPs (PAH-AuNPs) have also been shown
to bind irreversibly to supported lipid bilayers [135] and exhibit greater toxicity to
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bacteria [11] and simple multicellular organisms [12, 136]. A better understanding of
the polyelectrolyte-nanoparticle interface is therefore required to control the interactions
of nanoparticles in the environment and thereby nanoparticle functionality and possible
toxicity.
For polyelectrolyte-coated nanoparticles, many computational studies have focused
largely on top-down models of polyelectrolytes of relatively short length, ranging from
tens of monomers to a hundred, in which monomers are represented as single charged
beads. Molecular dynamics simulations of top-down polyelectrolyte models have been
used to characterize polyelectrolyte adsorption onto flat [137] and spherical surfaces
[138, 139]. These simulations have shown that highly charged polyelectrolytes localize
charge by distributing into multiple layers through the formation of loops and tails.
Loops consist of free, solvent-exposed segments of polymers flanked by surface-bound
segments referred to as trains. Tails form, if the ends of the polymer are free instead of
surface bound. Nuclear magnetic resonance (NMR) spectroscopy of the polyelectrolyte
PAH covalently grafted onto 5 nm nanodiamond similarly reveals both motion-restricted
regions of PAH bound to the surface and highly mobile ones, suggesting the presence of
loops and tails that extend into solution [102]. The heterogeneous spatial distribution
of dynamic charged groups in polyelectrolyte-coated AuNPs could be a factor in why
polyelectrolyte-coated AuNPs induce larger biological responses than alkanethiol-coated
AuNPs.
Here, we perform atomistic molecular dynamics (MD) simulations of polyelectrolyte
adsorption onto AuNPs to reveal other chemical properties at the atomistic level in
addition to charge distribution that need to be represented in coarse-grained models. A
combination of implicit- and explicit-solvent simulations is used to study the adsorption
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dynamics, surface coverage, and structure of PAH on AuNPs. Specifically, we deposit
PAH such that the end-to-end vector of the polyelectrolyte is normal to the AuNP
surface. We observe the relaxation and equilibrium behavior of a finite number of
trajectories of this system, both in implicit and explicit solvents. Although the set is
not enough to have complete representation of the ensemble, this finite poll exhibits a
range of behaviors providing a view of the end-to-end adsorption and resulting structure
of longer-length polyelectrolytes on AuNPs. Geiger and co-workers determined that
the average number of ammonium groups per PAH adsorbed onto 4 nm citrate-coated
AuNPs is 200 [39]. We therefore deposit PAH of 200 monomers (PAH200) on a 4 nm
citrate-coated AuNP in simulations. Although both experiment and simulation have
shown preferential binding of ligands, specifically citrate and poly(vinylpyrrolidone),
on different facets of gold [42] and silver nanoparticles [140, 141], respectively, here we
study the simpler case of a homogeneously covered citrate-coated AuNP along with
fully protonated PAH200 (Figure 23). Both experimental and computational studies
[142, 143] have also shown that protonation levels of PAH can vary from 0.14 in neutral
pH solution to 0.70 at charged lipid-membrane interfaces due to local pH effects. The use
of a fully protonated PAH200 in our all-atom model allows for direct comparison to top-
down, coarse-grained models of fully charged polyelectrolytes and serves as a benchmark
for future coarse-grained simulations investigating how variation in protonation states
and sites along longer-length polyelectrolytes affects polyelectrolyte conformation and
surface coverage on AuNPs. Further, the results are useful in identifying reduced
dimensional variables and observables that would be relevant for a new bottom-up
coarse-grained approach for polyelectrolyte-coated AuNPs of possible use in simulating




Figure 23: Representative structures for (a) the initial configuration for PAH200
deposition on citrate-coated AuNPs with gold (yellow), carbon (gray), oxygen (red),
hydrogen (white), and nitrogen (blue) atoms (and counterions not shown for clarity);
(b) a PAH monomer; and (c) citrate3−.
In this chapter, we report the development of our all-atom 4 nm PAH-AuNP
model from the construction of a 4 nm AuNP and the adsorption of the negatively
charged citrate layer to the adsorption of the polycation layer in Section 5.2. Despite
different adsorption dynamics shown in Section 5.3.1, longer-length polycation PAH200
conformations cover approximately half of the 4 nm AuNP surface, leaving the citrate
layer exposed (Section 5.3.2). The hydrophilic charged groups of PAH200 segregate
radially relative to the AuNP center into multiple layers due to the competition between
electrostatic attraction to the AuNP surface and repulsion between monomers (Section
5.3.3). We reproduce the formation of solvent-exposed loops and tails and surface-
bound trains observed in top-down models [137, 138, 139]. At the atomistic scale, we
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find that short 1–2-monomer trains and loops are the dominant structural features
of the adsorbed PAH200, forming bilayer-like segments on the AuNP surface (Section
5.3.4). We conclude with a possible coarse-graining scheme described in Section 5.3.5,
incorporating the hemispheric coverage of the polycation with exposed citrate layer,
surface-bound bilayer-like segments, and dynamic amphiphilic loops and tails unique
to PAH-AuNPs. For coarse-grained simulations of the nano-bio interface, we find that
it would be essential and appropriate to implement this minimum level of detail for
interactions of these polyelectrolyte-coated nanoparticles with amphiphilic biomolecules,
such as lipids and proteins.
5.2 Materials and Methods
5.2.1 Citrate-Coated AuNP, PAH200, and Solvent Models
AuNPs were created by placing gold atoms four atomic radii apart, arranged in a
face-centered cubic lattice contained within a sphere, and equilibrating at 300 K in
vacuum, using Lennard-Jones parameters developed by Heinz and co-workers [112]
to create a nearly spherical, 4 nm diameter multifaceted core. In simulations for the
adsorption of citrate and PAH200 onto gold, a shallower potential well depth is used for
the Lennard-Jones parameter, ε, for gold [110, 119], and positions of gold atoms are
kept fixed throughout the simulations. The OPLS-UA force field [144] was used for
the carbon backbones of citrate and PAH200 and the -AA force field [109] for charged
terminal groups, sodium and chloride counterions, and TIP3P solvent. The list of
force-field parameters is presented in Table A5.1 in the Appendix.
Citrate-coated AuNPs were constructed in implicit solvent. Implicit solvent for all
simulations was modeled using a Langevin thermostat at 300 K, a damping constant of
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10 ps−1, relative permittivity of 80.1, and the particle-particle particle-mesh (PPPM)
method to compute electrostatic interactions in the presence of explicit counterions.
Following the surface citrate density predicted by experiment [42] and used in simulations
[33], we randomly distributed 90 citrate3− molecules in a simulation box with the AuNP
at the center. A steering force was applied to guide the central-carboxylate groups of
citrate molecules to the AuNP surface. We focus on the citrate3− charge state, although
the presence of H2citrate
− on the AuNP surface has also been reported [42]. The effect
of citrate charge state on polycation adsorption will be discussed in Chapter 6. Due
to the known unphysical electrostatic interactions between the hydroxyl hydrogen and
central-carboxylate oxygen in citrate that occur with existing force fields [145], the
citrate backbone that contains the central-carboxylate and hydroxyl groups was kept
rigid and fixed on the AuNP surface for subsequent simulations. At charged interfaces,
it is possible that small charged molecules reorient or detach from the interface, as
observed at the lipid-water interface upon adsorption of polycations [146]. In studies of
protein adsorption onto citrate-coated AuNPs, the use of AuNP models with citrate
fixed on the surface in simulations has been seen to lead to final protein orientation on
the AuNP surface in agreement with experiment [32, 33].
PAH200 was initially fully extended and energy minimized. The atoms were given
random initial velocities and heated to 300 K in implicit solvent, until the PAH200
reached a random-coil state that fit in a 200 × 100 × 100 Å3 water box. PAH200 was
equilibrated for 50 ns in TIP3P water with chloride ions. All explicit-solvent simulations
were run at constant NPT at 1.0 atm and 300 K with a 1.0 fs timestep, using the
PPPM method for electrostatic calculations. Five different PAH200 conformations
were generated using this setup, which reproduced loosely clustered regions along the
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extended polymeric backbone, as previously observed in simulations of polyelectrolytes
in explicitly modeled poor solvent (e.g. water) [147]. Each conformation was paired
with a different citrate-coated AuNP in simulations (Figure A5.1).
5.2.2 Methods: All-Atom Simulations
The adsorption of PAH200 onto citrate-coated AuNPs was simulated using both implicit-
and explicit-solvent conditions. Periodic boundary conditions are used with at least
15 Å from the PAH200 and AuNP to the edges of the simulation box along x, y, and z
dimensions. Box sizes were chosen such that the salt concentration fell within the range
0.1-0.2 M with varying number of PAH200 added and the changing box size during the
NPT equilibration. Box volume was approximately 5,000,000 Å3 and included ∼500,000
atoms in explicit-solvent simulations. Initial configurations for all simulations were
generated using Packmol [115], and all simulations were performed using LAMMPS
[116] at 1.0 fs per timestep with 10 Å cutoff for pairwise interactions. On the XSEDE
HPC Resource Bridges, this required ∼480 CPU hours to integrate for 120 ns on 448
processors, and this limited the number of trajectories that was obtained. Additional
simulation details on system size and simulation times are in Table A5.2.
For implicit-solvent simulations, PAH200 was initially equilibrated in explicit solvent
along with its coordinating chloride ions and then placed near a nanoparticle with one
of the polycation’s ends 8 Å away from its surface (Figure 23). Sodium and chloride
ions were allowed to equilibrate for 2.5 ns, while keeping the atoms in the gold core and
PAH200 fixed. The constraints on PAH200 were removed, and the distances between
each nitrogen atom per monomer of PAH200 and the nanoparticle’s center of mass
(NP-COM) were tracked at each timestep to check the progress of PAH200 adsorption.
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Once all nitrogen atoms were within 4 nm of the NP-COM, simulations were run for
an additional 5 ns with data collected every picosecond during the last nanosecond.
Five simulations were run in total, one for each PAH200 conformation. An additional
simulation was run for each condition, so as to observe the deposition of a second
PAH200 a onto the opposite pole from which the first was added.
For explicit-solvent simulations, the PAH200 was placed near the AuNP with one of
the polycation’s ends at 4 Å away from its surface. The gold core and PAH200 were
first fixed, and water and counterions were allowed to equilibrate for 0.5 ns. To track
adsorption of PAH200 once released, each PAH200 was evenly divided into five segments,
and the distances between the COM of the first, middle, and last 40-monomer segments,
labeled 1, 3, and 5, respectively, and their NP-COMs were plotted over time (Figure 24).
These distances relaxed to a small constant value after 110 ns of simulations, signifying
adsorption. Simulations were then run for an additional 10 ns with data collected every
10 ps.
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Figure 24: Adsorption of the center of mass of the first (segment 1), third (segment
3), and fifth (segment 5) 40-monomer segment of PAH200 over time in explicit solvent
relative to the nanoparticle center of mass (NP-COM) for different PAH200 (a-c).
Due to the system size, three simulations were run in explicit solvent. We compare
the adsorption of the three starting configurations for PAH200 used in both implicit-
and explicit-solvent simulations. Results for the remaining two PAH200 conformations
used in implicit-solvent simulations are presented in the Appendix (Figs A5.5 and A5.6).
From this finite number of trajectories, we find common structural features that emerge
upon adsorption of long-length polyelectrolytes onto the AuNP surface independent of
solvent condition.
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5.2.3 Methods: Coarse-Graining Schemes
From the final frame of each simulation run in explicit solvent, we group the three-
carbon chain into one hydrophobic bead and the ammonium group into one charged
bead for each monomer with bead positions set by their centers of mass. We provide
a preliminary coarse-graining scheme to emphasize atomistic properties that will be
implemented in future coarse-grained simulations of PAH-AuNPs at the interface of
biomembranes. The coarse-grained structures are, therefore, a product of the all-atom
simulations of this work and are available for use in coarse-grained simulations in future
work.
5.3 Results and Discussion
5.3.1 Adsorption Dynamics of PAH200
The effects of implicit and explicit solvents on dynamical processes, such as the
mechanical pulling of polypeptides [148], the formation of polyelectrolyte complexes
[149], and the adsorption of polyelectrolytes onto surfaces [150, 151], have been well
addressed. For the dynamical behavior of the system, we, therefore, focus our attention
on the differences in adsorption dynamics in explicit solvent between different starting
PAH200 conformations. For each simulation, PAH200 was initially aligned such that the
end-to-end vector was normal to the nanoparticle surface. Figure 24a shows that the
first and last 40-monomer segments of PAH200 (segments 1 and 5, respectively) adsorb
to the surface within 20 ns of each other, leaving the middle 40-monomer segment 3 as
a loop in solution. For a different PAH200 conformation, segment 3 adsorbs onto the
nanoparticle surface first, followed by segment 1, and then segment 5 (Figure 24b).
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Figure 24c shows sequential wrapping of the nanoparticle from segments 1 to 5 by
PAH200. Even though the same orientation is used for the initial deposition of PAH200
on the nanoparticle surface, different adsorption dynamics are sampled as a result of
the different starting conformations of PAH200.
5.3.2 Surface Coverage of PAH200
Despite the different adsorption mechanisms per PAH200 configuration, PAH200
adsorption leads to a half-coated AuNP in all cases (Figure 25). To depict the surface
coverage of PAH200 on AuNPs, each PAH-AuNP is, first, rotated so that the vector
connecting the nanoparticle’s center of mass (NP-COM) to the center of mass of
PAH200 maps onto the positive z axis. We create a two-dimensional histogram with a
bin size of π/20 rad and track the projection of nitrogen atoms in PAH200 onto the
AuNP surface as a function of spherical azimuthal- and polar-angle coordinates. The
density profile of the nitrogen atoms in PAH200 shows that PAH200 is more evenly
distributed on a hemisphere of the nanoparticle in implicit solvent, whereas more voids
are present in the density profiles in explicit solvent, signifying incomplete hemispheric
coverage of PAH200 (Figure 25). The voids in the surface coverage of PAH200 in explicit
solvent suggest that there is a greater distribution of monomers along the radial
direction relative to the NP-COM arranged in loops exposed to solution.
Incomplete hemispheric coverage of PAH200 suggests that a second PAH200 could
potentially adsorb onto the bottom hemisphere. Due to the system size and
computational cost, we limit simulations of a second PAH200 adsorption to implicit
solvent. These simulations suggest that, in implicit solvent, adsorption of a second
PAH200 is possible with similar structure to the first adsorbed PAH200. Without the
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Figure 25: Surface coverage of nitrogen atoms of different PAH200 (a-c) in implicit and
explicit solvents. The azimuthal angle ranges from 0 to 2π rad along the equator of the
nanoparticle. The polar angle ranges from 0 rad at the north pole to π rad at the south
pole. The bin size of the two- dimensional histogram is π/20 rad. The color scale shows
the density of the nitrogen atoms.
uniform dielectric screening used for our implicit-solvent model, it is possible that the
second PAH200 incompletely adsorbs enabling the bridging between two AuNPs and
promoting the aggregation of 4 nm PAH-AuNPs observed in experiment [11, 39].
5.3.3 Radial Distribution of PAH200
The radial distribution function, g(r), between nitrogen atoms of PAH200 and the
NP-COM is calculated through a histogram, with bin size of 0.1 Å, averaged over
1000 frames per trajectory for five trajectories in implicit solvent and three in explicit
solvent and normalized by the annular volume (Figure 26). The g(r)’s for individual
trajectories are provided in Appendix (Figs. A5.3 and A5.4). Two major peaks or sets
of peaks, one close to the nanoparticle surface (2 nm away from the NP-COM) and
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another in solution, are present in the g(r) from implicit- and explicit-solvent simulations,
respectively (Figure 26). After the addition of a second PAH200, the major peaks in
the g(r) sharpen, but peak positions remain the same. The g(r) from explicit-solvent
simulations reaches zero by 6 nm from the NP-COM, confirming that PAH200 has a
broader radial distribution in explicit solvent extending far into solution. The distance
between major peaks in the g(r) from implicit-solvent simulations is 0.6 nm, which
is slightly less than the length of the five-carbon backbone between NH3
+ groups in
adjacent monomers, assuming a carbon-carbon single-bond distance to be 1.54 Å. In
addition, the peak heights have the same magnitude, signifying that there is a 1:1
distribution of monomers between the surface-bound and solvent-exposed layers. These
results suggest that the most significant structural features in the addition of PAH200
to the NP is the presence of short 1–2-monomer loops and trains, that resemble kinks,
extending radially from the NP surface.
5.3.4 Structural Motifs in PAH200
To determine the specific structural motifs in PAH200 adsorbed onto the NP surface, we
perform a histogram count of the number of monomers in solvent-exposed loops, free
tails, and surface-bound trains divided by total number of sampled frames. A normalized
value greater than 1.0 signifies at least one instance in every frame (Figure 27). A
monomer is considered to be bound to the surface and part of a train if the nitrogen
atom is within 3.48 Å from an oxygen atom on citrate; the cutoff distance was chosen to
be 21/6σ after applying the geometric mixing rule on the nonbonded distance parameter,
σ, from the OPLS-AA force field [109]. The solvent-exposed segments within PAH200
are considered as loops and free segments at the ends of PAH200 as tails. Representative
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Figure 26: Radial distribution function, g(r), between the nitrogen atoms of PAH200
deposited on the upper hemisphere of a nanoparticle and the nanoparticle center of mass
(NP-COM). The asterisk (*) denotes the number of PAH200 added to the nanoparticle.
For **, a second PAH200 was deposited on the bottom hemisphere of the AuNP.
Figure 27: Histogram of the frequency of solvent-exposed loops, free tails, and surface-
bound trains with n number of monomers within different PAH200 (a-c) in implicit and
explicit solvents. The distributions are divided by the total number of frames sampled
such that 1.0 indicates one instance in every frame.
68
snapshots of loop, tail, and train structures are shown in Figure A5.2. As suggested
from the radial distribution functions, 1–2-monomer as well as 3-monomer, trains and
loops appear most frequently on the nanoparticle surface (Figure 26). Adsorption of
PAH200 in implicit solvent leads to a similar distribution of short trains and loops with
up to 10 monomers per loop, whereas adsorption in explicit solvent leads to a more
varied distribution in loop and tail lengths.
5.3.5 Bottom-Up Coarse-Graining Scheme for PAH200-AuNPs
Despite the heterogeneity in the structure of PAH200 on AuNPs, it is important to
identify which atomistic properties need to be represented in coarse-grained models of
polyelectrolyte-coated AuNPs. From the atomistic PAH200-AuNP structures obtained
from explicit-solvent simulations, we construct initial coarse-grained structures for
PAH200 by grouping the atoms in the carbon backbone of each monomer and NH3
+
group into beads positioned at their respective centers of mass. These coarse-grained
PAH200 structures are shown with the atomistic AuNP core in Figure 28. Figure 28
highlights the radial extension of charged NH3
+ groups via small solvent-exposed loops
formed between surface-bound trains. The separation of charged groups connected
by the carbon backbone within adjacent monomers reveals a bilayer-like motif on the
nanoparticle surface. Several groups [130, 131, 132, 133, 134] have used simulations
of charged alkanethiol-coated AuNPs with lipid bilayers to demonstrate that exposed
hydrophobic groups in the alkanethiols are required at the nanoparticle-ligand interface
for nanoparticles to associate with and disrupt lipid bilayers. This molecular scale
structure on larger-scale behavior is important because it is absent in existing top-down
polyelectrolyte models [138, 139]. A coarse-graining scheme for PAH200 coating on
69
Figure 28: PAH200 models coarse-grained per monomer by the center of mass of the
carbon atoms (gray) and of the NH3
+ group (blue) on an atomistic 4 nm gold core.
the AuNP would have to incorporate elements that can give rise to the bilayer-like
segments of PAH200 observed on the AuNP surface and dynamic segments in the form
of longer loops and tails with amphiphilicity shown in Figure 28. How the surface-bound
segments and heterogeneous spatial charge and hydrophobic backbone distribution in
PAH200 adsorbed onto AuNPs induce greater membrane disruption [135] and stress
responses in organisms [12, 136] compared to charged alkanethiol-coated AuNPs still
needs to be addressed.
5.4 Conclusion
Using atomistic molecular dynamics simulations, we characterize the adsorption and
structure of polycations on a citrate-coated gold nanoparticle, and thereby provide
a benchmark for structures of polyelectrolyte-coated gold nanoparticles to be used
for coarse-grained simulation techniques, such as the MARTINI force field [152] and
dissipative particle dynamics [153, 154]. The average length of a PAH polycation
was determined by experiment to be 200 monomers [39]. Through simulations, we
find that adsorption of a single PAH200 leads to incomplete hemispheric coverage of
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the polyelectrolyte on a 4 nm AuNP. Incomplete hemispheric coverage of positively
charged PAH and the exposed negatively charged citrate layer on AuNPs could promote
the aggregation of 4 nm PAH-AuNPs observed in experiments [11, 39] via bridging
nanoparticles by oppositely charged patches or by free PAH in solution [155]. The
surface coverage of polyelectrolytes with an average length of 200 monomers as a
function of nanoparticle size, therefore, needs to be further considered in the design of
nanoparticles as a means of controlling nanoparticle aggregation in suspension.
A detailed structural analysis from our simulations confirms the presence of surface-
bound and dynamic polyelectrolyte segments on the nanoparticle surface, as previously
reported in top-down coarse-grained simulations of polyelectrolyte adsorption [137, 138,
139] and NMR experiments [102]. It further shows the atomistic distribution of the
hydrophobic carbon backbone and NH3
+ charged groups into bilayer-like segments
bound to the surface and amphiphilic, dynamic segments, from which we construct
a new coarse-grained representation for polyelectrolyte-coated AuNPs. Nanoparticle
transformations in suspension with free PAH and in biological environments are thus
strongly affected by incomplete nanoparticle coverage by a positively charged polycation,
exposed negatively charged citrate patches, the distribution of polyelectrolyte segments
with different dynamics on the surface, and the amphiphilicity of these segments.
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Chapter 6
Density, Structure, and Stability of
Citrate3− and H2citrate
− on Bare and
Coated Gold Nanoparticles
6.1 Introduction
Citrate anions act as both reducing and capping agents in the synthesis of gold
nanoparticles (AuNPs) through the Turkevich method [156, 157]. They consequently
make up the first natural layer coating on engineered AuNPs. Once synthesized,
AuNPs can be functionalized for use in biomedical applications, such as molecular
sensing, drug delivery, and photothermal therapy [2, 158]. In this latter process, the
citrate layer must be readily displaced for the thiol functionalization [93, 159, 160] of
AuNPs via citrate-thiol ligand exchange, and must also be stably adsorbed on the
AuNP surface as the initial charged layer for layer-by-layer polyelectrolyte assembly
[12, 15, 161]. An accurate characterization of citrate anions on the AuNP surface is,
therefore, essential to characterize the structural and dynamic properties of the
functionalized layer in the presence of citrate, and thereby the transformations of these
functionalized AuNPs in biological environments that might promote or impede their
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intended function [6, 7].
The charge state, ligand density, structure, and stability of citrate on the AuNP
surface are key measurables that influence AuNP functionalization though the
correlations between them have not yet been fully resolved in the literature.
Characterization of citrate-coated AuNPs (cit-AuNPs) has, thus far, focused on
experimental techniques that require dried samples [40, 42, 43, 162] and in vacuo
density functional theory (DFT) calculations [43]. Further, computational
characterization has largely focused on minimum-energy binding of a single citrate3− or
H2citrate
− anion to a metal nanoparticle surface [43, 163, 164, 165] and reactive
simulations limited to small time and length scales [166]. Using attenuated total
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), characteristic peaks
of hydrogen-bonded carboxylic acid groups were detected after sealing and isolating the
citrate layer with long-chain alkanethiol functionalization, suggesting that citrate exists
in the H2citrate
− state on the AuNP surface [42]. These ATR-FTIR studies further
suggest the dominant citrate species as that involving the coordination of citrate to the
AuNP surface via the central carboxylate group with terminal carboxylate groups also
near the surface to promote intermolecular hydrogen bonding. Several possible relative
orientations of the carboxylate groups to the AuNP surface are shown in Figure 29B,
and the chemical structure of H2citrate
− is included in Figure A6.1 in the Appendix.
The central carboxylate group is directly connected to the –C–OH group, whereas the
terminal carboxylate groups are each separated from the –C–OH group by a –CH2
group. The previous ATR-FTIR studies cited above also indicate the presence of a
second dangling layer of H2citrate
−, forming bilayered H2citrate
− complexes on the
AuNP surface with an ideal organization of two surface-bound H2citrate
−
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B1) B2) B3) B4) B5)
Figure 29: Representative 4 nm cit-AuNPs in row A (top) and citrate configurations
in row B (bottom): (A1) citrate3− monolayer maximally packed on AuNPs in implicit
solvent, (A2) H2citrate
− monolayer maximally packed on AuNPs in implicit solvent, (A3)
citrate3− on AuNPs in explicit solvent, and (A4) H2citrate
− on AuNPs in explicit solvent;
(B1) tall, (B2) bridge, (B3) 0-arm, (B4) 1-arm, and (B5) 2-arm citrate configurations
on AuNPs described in this study. The “tall” configuration has a single terminal
carboxylate group bound to the AuNP surface. The “bridge” configuration has both
terminal carboxylate groups bound to the surface with the central carboxylate and
hydroxyl groups free. The 0-, 1-, or 2-arm configurations have either the central
carboxylate or hydroxyl group bound to the surface with 0, 1, or 2 terminal carboxylate
groups also bound, respectively. Cit-AuNPs consist of gold (yellow), carbon (gray),
oxygen (red), and hydrogen (white) atoms. Na+ ions are shown in purple; water and
counterions outside the solvent shell are removed for clarity in row A. Configurations
are shown in the H2citrate
− state in row B.
hydrogen-bonded to one dangling H2citrate
−. To understand the binding modes of
citrate, peaks from 13C solid-state nuclear magnetic resonance (SSNMR) spectra of
cit-AuNPs synthesized under varying initial citrate/Au molar ratios were assigned to
molecular configurations of citrate3− extrapolated from DFT calculations of fully
deprotonated acetate, succinate, and glutarate anions on gold surfaces [43]. These
studies show that the binding of both terminal carboxylate groups to the AuNP surface
with central carboxylate and hydroxyl groups free is preferred at low packing density,
and that the binding of a single terminal carboxylate group to the AuNP surface is
preferred at high packing density.
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In addition to the wide variation in the reported charge states of citrate on the
AuNP surface in the literature, the surface citrate density has also been seen to range
widely from 2.8 × 10−10 to 7.8 × 10−10 mol/cm2 [12, 42, 162]. We use these units to
be consistent with the reported literature and note that they translate to the range
of 1.7 to 4.7 molecules/nm2 in terms of natural units at the nanoparticle scale. The
range for surface charge density widens, starting from 2.8 × 10−10 up to 2.34 × 10−9
mol/cm2, if the charge state of citrate can include either H2citrate
− or citrate3− on
the AuNP surface. Several factors contribute to this broad range for ligand density.
To approximate the surface citrate density, a geometric calculation [42] was performed
by Park and Shumaker-Parry assuming that each adsorbed citrate has a rectangular
covering of the surface with an area approximately equal to 28 Å2. Their calculation
underestimates the ligand density because it assumes that citrate anions adsorb along the
length of the molecule with the central carboxylate group bound and terminal carboxylic
acid groups near the surface and does not consider other binding modes [43] of citrate.
Elemental analysis of carbon [162] in cit-AuNPs has previously been used to determine
citrate density, but this method also samples oxidized byproducts of citrate on AuNPs,
overestimating the ligand density. Another factor that can lead to overestimates in the
experimentally determined ligand density arises from the drying process for preparing
samples in both elemental analysis and ligand-density analysis by X-ray photoelectron
spectroscopy [12, 40] as it leads to aggregation of ligands. Although AuNP shape, size,
and effective surface charge are routinely reported in the characterization of engineered
AuNPs [167], reports on experimentally determined ligand densities are less common;
for citrate, such values not only range widely but are also limited. This is largely in part
because citrate anions are present at high concentrations in solution, making it difficult
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to characterize and isolate the citrate anions on the AuNP surface in situ from those in
the bulk solution, and are assumed to be readily displaced [160] upon functionalization
of AuNPs. Most prior experiments have centered on the effective negative surface
charge of cit-AuNPs and their effect on the acquisition of electropositive protein coronas
[29, 47, 48, 49] and cytotoxicity [12, 15]. Generally, cationic AuNPs are considered more
toxic than anionic AuNPs [8, 9, 10]. Beyond general toxicity, attention is increasingly
being brought to molecular-level mechanistic understanding of how exposure to different
ligand types with the same effective charge, such as citrate and anionic thiols and
polyanions with varying hydrophobicity, elicits different gene-expression levels and other
biological responses [6, 12, 15, 94, 168, 169, 170], emphasizing the need, addressed here,
for an accurate characterization of the structure and density of the citrate layer on
AuNPs.
Several computational approaches have been used to model functionalization and
biomolecular corona formation on cit-AuNPs and the nano-bio interface more generally
[22, 171]. In the all-atom molecular dynamics simulations of polycation functionalization
onto cit-AuNPs discussed in Chapter 5, citrate3− molecules were explicitly modeled
and fixed at a density of 2.8 × 10−10 mol/cm2 on the AuNP surface [24]. In similar
coarse-grained simulations, surface gold atoms were negatively charged to represent
the citrate layer and to construct the polycation-coated AuNP and investigate lipid
self-assembly on such AuNPs [26]. Three possible models [32, 33] for fibrillogenic-protein
binding to cit-AuNPs have been reported recently. In one study [32], the AuNP surface
was homogeneously coated with citrate molecules at a density of 4.4 × 10−10 mol/cm2,
and only 10% of the molecules were charged as citrate3− with 90% left neutral to
account for local pH effects. In the other study [33], both an all-atom and a coarse-
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grained point-charge model were used. For the all-atom model, surface gold atoms were
positively charged to promote adsorption of citrate3− at a surface density of 2.8 × 10−10
mol/cm2 with a surface charge density of 8.4 × 10−10 mol/cm2. For the coarse-grained
model, point charges were homogeneously distributed on a spherical NP, following the
same surface charge density used in the all-atom model. Fixed point charge-coated
nanoparticle models with varying surface charge density have also been used for top-
down coarse-grained simulations of nanoparticle-membrane interfaces [172, 173, 174],
but experimental validation and bottom-up coarse-graining approaches are needed to
predict reliably the biological outcomes of nanoparticle exposure [22, 175]. In all cases,
citrate molecules are explicitly modeled as an all-atom citrate3− or implicitly (in coarse-
grained models) through a surface charge density on the order of what would be a high
density of citrate3− on the AuNP surface. These simulations assume that the density
of citrate on the AuNP surface is constant and uniformly distributed in a monolayer
and that citrate3− molecules stay fixed on the surface at charged nano-bio interfaces.
Recent simulation studies by other groups have investigated citrate adsorption onto
gold surfaces to reveal face-dependent binding of citrate and its effects, such as in DNA
adsorption onto cit-AuNPs [176], and have determined the structure of citrate adlayers
at a range of surface citrate densities ranging from 1.49 to 2.98 × 10−10 mol/cm2 of an
Au(111) slab [177], but to our knowledge only the citrate3− state was considered.
We perform all-atom molecular dynamics simulations to investigate the density,
structure, and stability of both citrate3− and H2citrate
− on AuNPs. We use implicit-
solvent simulations to examine the maximum packing density and changes in the
coordination modes of citrate3− and H2citrate
− on the surface of 4, 6, and 8 nm
AuNPs with increasing packing density. We find from implicit-solvent simulations that
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the maximum packing density and coordination modes of both citrate species on the
AuNP surface are independent of nanoparticle size. Explicit-solvent simulations are
used to determine if the structures of citrate3− and H2citrate
− layers on 4 nm AuNPs
are consistent with those from implicit solvent. The coordination modes and spatial
distribution for H2citrate
− are independent of solvent condition but differ significantly
for citrate3− between implicit and explicit solvents. The coordination modes of citrate
determined previously from ATR-FTIR [42] and 13C SSNMR [43] experiments agree with
those found for the H2citrate
− state in our explicit-solvent simulations. Representative
images of the coordination modes of citrate examined in this study and structures of 4
nm cit-AuNPs in implicit and explicit solvents are shown in Figure 29. Representative
structures of 6 and 8 nm cit-AuNPs in implicit solvent are shown in Figure A6.3.
These structures also qualitatively show face-dependent binding of citrate on metal
nanoparticles, which has been shown for citrate and other ligands by experiment [42]
and simulation [140, 141, 164, 178, 179].
We test the stability of citrate3− and H2citrate
− layers by depositing a 200-mer
polycation poly(allylamine hydrochloride), PAH200, on cit-AuNPs. We find that PAH200
highly disrupts the citrate3− layer on the AuNP surface. In contrast, PAH200 displaces
the dangling H2citrate
− layer, but there is no change in the density of the surface-bound
H2citrate
− layer. Representative structures of PAH-wrapped cit-AuNPs (PAH-cit-
AuNPs) are shown in Figs. A6.4 and A6.5. We use in situ ATR-FTIR on PAH-cit-
AuNPs to show that citrate exists as H2citrate
− at highly charged interfaces. The
intermolecular hydrogen bonding between H2citrate
− stabilizes the negatively charged
layer in the presence of adsorbing positively charged molecules, such as PAH200. The
density of H2citrate
− on AuNPs including the dangling H2citrate
− layer totals 3.3
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× 10−10 and is 2.8 × 10−10 mol/cm2 for the surface-bound layer. The total density
of H2citrate
− across the two layers decreases slightly to 3.0 × 10−10 mol/cm2 upon
adsorption of PAH200 due to some displacements of the dangling second H2citrate
−
layer, and the density of the surface-bound H2citrate
− layer remains consistent. The
surface charge density contributed by H2citrate
− directly on the AuNP surface is 2.8 ×
10−10 mol/cm2 nonuniformly distributed due to face-dependent binding.
Through a combination of molecular dynamics simulations and in situ ATR-FTIR
spectroscopy, we determine an ensemble of binding modes that collectively stabilize the
citrate layer capping the metal nanoparticles on bare and polycation-coated AuNPs and
ultimately determine its structure and density. We provide a consensus citrate density
for the citrate3− and H2citrate
− states to aid in the experimental characterization of
as-synthesized and functionalized cit-AuNPs, a surface density of H2citrate
− that is
appropriate for the implementation of all-atom and coarse-grained models, and a surface
charge density for fixed-charge coarse-grained models of cit-AuNPs.
6.2 Materials and Methods
6.2.1 Molecular Dynamics Simulations
To simulate the packing of citrate, we applied a steering force of 0.1 kcal/(mol Å) on
citrate anions toward the nanoparticle center until they were within 7.5 Å from either
the bare nanoparticle surface or a monolayered citrate surface depending on the initial
condition of the simulation. Beyond this cutoff distance, the steering force is no longer
applied, and the citrate anions remain within the 10 Å cutoff for pairwise interactions
such that citrate anions can weakly interact with and potentially adsorb onto the gold
surface. Steering forces in the range of 0.1-5.0 kcal/(mol Å) were initially tested (data
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not shown), and a weak steering force of 0.1 kcal/(mol Å) was chosen to ensure that
citrate anions were dispersed in solvent without artificial jamming in the vicinity of
the cutoff distance of the steering force. The steering force was not employed during
equilibration, enabling desorption of excess citrate from the nanoparticle surface. All
simulations were carried out using LAMMPS [116], using periodic boundary conditions
and a 1.0 fs timestep. Specific details on the simulation setup and force-field parameters
are provided in Tables A6.1, A6.2, A6.3 in the Appendix.
For implicit-solvent simulations, five simulations for the adsorption of citrate3− and
five for H2citrate
− adsorption onto AuNPs were run for each AuNP size. The implicit
solvent was modeled using Langevin dynamics at 300 K with a damping constant of 10
ps−1 and a dielectric constant of 80.1, with the particle-particle particle-mesh (PPPM)
method used for long-ranged electrostatic calculations.
For explicit-solvent simulations, we ran five simulations each of the adsorption of
citrate3− and H2citrate
− onto 4 nm AuNPs in TIP3P solvent and five simulations each
of PAH200 deposition onto the equilibrated 4 nm AuNPs coated with citrate
3− and
H2citrate
− under constant NPT conditions, that is, for number of atoms N, pressure
P at 1.0 atm, and temperature T at 300 K, using the PPPM method for long-ranged
electrostatic calculations.
6.2.2 ATR-FTIR Spectroscopy
ATR-FTIR spectra of PAH-cit-AuNPs were acquired using a PIKE GladiATR
attachment equipped with a triple-bounce diamond IRE on a Bruker Vertex 70 FTIR
instrument. Each spectrum was acquired at a resolution of 4 cm−1 and signal-averaged
over 500 scans. All absorbance spectra were taken in solution and are referenced to
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ultrapure water.
6.3 Results and Discussion
6.3.1 Maximum Packing Density of Citrate3− Monolayers,
H2citrate
− Monolayers, and H2citrate
− Bilayers on 4, 6, and 8
nm AuNPs.
To simulate the packing of citrate anions onto AuNPs using molecular dynamics
simulations, we first randomly distributed three citrate3− or H2citrate
− molecules per
nm2 (5 × 10−10 mol/cm2) in a simulation box with a 4, 6, or 8 nm AuNP fixed at the
center. A steering force toward the center of the AuNP was applied to citrate anions
until the anions were 7.5 Å from the AuNP surface. This process was run for at least
10 ns until the AuNP surface was saturated with citrate (Figure 30). Simulations were
run for an additional 10 ns without a steering force and with data collected during the
last 5 ns to analyze the citrate anions that remain packed on the AuNP surface.
In implicit solvent, we find that citrate3− maximally packs into a monolayer, and
that the development of high surface charge density prevents bilayer formation. We
used this distinction to calculate a minimum Au–O distance between surface gold atoms
and oxygen atoms of citrate needed to consider a citrate anion as bound to the AuNP
surface in our simulations. We find that the number of citrate3− attached to the AuNP
surface as a function of Au–O distance saturates beyond an Au–O distance of 3.5 Å,
showing that this Au–O distance accounts for all citrate3− in the adsorbed monolayer
(Figure A6.2). We, therefore, define the condition for which citrate3− or H2citrate
−
being bound to the surface according to when the anion has an Au–O distance that is
less than 3.5 Å.
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Figure 30: Number of citrate adsorbed onto 4, 6, and 8 nm AuNPs vs. time in implicit
solvent, according to an Au–O cutoff distance of 3.5 Å and with an initial density of 3
citrate nm−2 randomly distributed in the simulation box. Trajectories are distinguished
by color with no association between like colors in different panels.
The initial packing density of 3 molecules per nm2 corresponds to 150 citrates on a
4 nm AuNP, 340 citrates on a 6 nm AuNP, and 600 citrates on an 8 nm AuNP. The
number of citrate3− attached after equilibration is lower than the initial packing density,
whereas nearly all H2citrate
− adsorb onto the AuNP surface (Figure 30). The greater
rate of H2citrate
− absorption and number of H2citrate
− adsorbed on AuNPs compared
to citrate3− highlight the increased stability imparted to the anionic citrate layer by
the intermolecular hydrogen bonding between H2citrate
− anions. We placed each of the
equilibrated structure of AuNPs coated with H2citrate
− in a simulation box, to which we
randomly distributed an additional three H2citrate
− molecules per nm2 of gold surface.
A steering force toward the center of the AuNP was applied to the newly added citrate
anions until they were 15 Å from the AuNP surface. This process was run for 10 ns to
promote H2citrate
− bilayer formation on the AuNPs. For calculations at the packing
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density of the dangling second layer in bilayered H2citrate
−, any unbound molecule
that has a maximum intermolecular O–H hydrogen-bonding distance within 4.0 Å with
surface-bound H2citrate
− is considered to be in the second layer. The conservative
choice of this cutoff distance is consistent with the maximum of the observed range
of O–H bond distances [180]. Simulations were run without the steering force for 25
ns, and desorption of excess H2citrate
− was observed (Figure 31). The maximum
packing density of each layer in bilayered H2citrate
− was determined from additional 5
ns production runs. Table 1 shows the increase in packing density from citrate3−, to
monolayered H2citrate
−, and to bilayered H2citrate
− at 3.74, 5.67, and 8.42 × 10−10
mol/cm2, respectively, for 4 nm AuNPs. The maximum packing density is largely
consistent between 4, 6, and 8 nm AuNPs (Table 1). A slightly higher packing density
for all citrate species on 4 nm AuNPs could be attributed to greater curvature of this
AuNP surface relative to larger-sized AuNPs. By dividing the maximum packing density
of H2citrate
− in the surface-bound monolayer (H2citrate
−
Layer1) by that of H2citrate
−
in the dangling, second layer (H2citrate
−
Layer1+2 − H2citrate−Layer1) in Table 1, we
determine a ratio of 2.06 for the number of H2citrate
− in the surface-bound layer to the
number in the dangling second H2citrate
− layer on 4 nm AuNPs, 2.05 on 6 nm AuNPs,
and 2.38 on 8 nm AuNPs. These values are close to the ideal distribution predicted by
Park and Shumaker-Parry [42], supporting the use of our simulation parameters and
implicit-solvent model for the ideal, maximally packed H2citrate
−-coated AuNPs. Our
results suggest that the highest reported citrate density, as determined from experiment
[12] and referenced in Table 1, can only be reached through some combination of
bilayered H2citrate
− on the AuNP surface and aggregation of citrate anions upon drying
of samples for characterization.
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Figure 31: Number of H2citrate
− adsorbed onto 4, 6, and 8 nm AuNPs vs. time in
implicit solvent with an additional density of 3 H2citrate
− nm−2 randomly distributed
in the simulation box (totaling 6 H2citrate
− nm−2) to saturate the surface-bound layer
(Layer 1), promote the adsorption of a dangling second layer (Layer 2), and form
bilayered H2citrate
− (Layer 1 + 2). Trajectories are distinguished by color with no
association between like colors in different panels.
Table 1: Maximum Packing Densities of citrate3−, H2citrate
− Monolayers, and
H2citrate
− Bilayers Compared to Ligand Densities Calculated from Experiment
6.3.2 Molecular Configurations of Citrate as a Function of AuNP
Size and Packing Density
We used the Au–O cutoff distance of 3.5 Å to determine if each citrate is bound
to the AuNP surface via the terminal carboxylate, central carboxylate, or hydroxyl
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group. We defined molecular configurations according to the groups bound to the
surface (Figure 29B). The tall configuration is defined as a citrate that has an oxygen
from a single terminal carboxylate group within the cutoff distance from the AuNP
surface. The bridge configuration is distinguished by both terminal carboxylate groups
of citrate bound to the surface with the central carboxylate and hydroxyl groups free.
The configurations are considered 0-, 1-, or 2-arm if either the central carboxylate or
hydroxyl group is bound to the surface with 0, 1, or 2 terminal carboxylate groups also
bound, respectively.
Figure 32 shows the distribution of molecular configurations for surface-bound
citrate anions on 4, 6, and 8 nm AuNPs. For monolayered citrate3−, the dominant
configurations are 1-arm and 2-arm, which when combined make up ∼78% of the
configurations. Approximately 38-51% of monolayered H2citrate
− are in the 2-arm
configuration across AuNP sizes, which is consistent with previous experimental findings
by ATR-FTIR [42] that intermolecular hydrogen bonding between terminal carboxylic
acid groups of H2citrate
− stabilizes the citrate layer on AuNPs. The 1-arm and bridge
configurations each make up ∼21-26% of monolayered H2citrate− configurations. We
find that the bridge configuration, previously attributed to citrate3− at low packing
density [43], is significantly present in monolayered H2citrate
−. For the surface-bound
layer on an AuNP coated with a bilayer of H2citrate
− (H2citrate
−, saturated), the
percent distribution of 2-arm configurations decreases, accompanied by commensurate
increases in the percent distribution of tall and bridge configurations. We find that the
distribution of these configurations in monolayered citrate3−, monolayered H2citrate
−,
and saturated H2citrate
− does not change with respect to AuNP size.
As the surface-bound H2citrate
− layer becomes saturated, the changes in molecular
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Figure 32: Distribution of molecular configurations in a monolayer of citrate3−,
monolayer of H2citrate
−, and the saturated surface-bound layer of H2citrate
− within
bilayered H2citrate
− on 4, 6, and 8 nm AuNPs in implicit solvent.
configurations reflect the need to maximize packing and promote bilayer formation.
The bridge, 1-arm, and 2-arm configurations, each with at least one terminal carboxylic
acid group bound to the AuNP surface, stabilize monolayered H2citrate
−. The bridge
configuration maximizes packing compared to 2-arm, which can explain the increase
in the percent distribution of the bridge configuration and decrease in the percent
distribution of the 2-arm configuration in response to saturating the H2citrate
− layer.
The percent distribution of the 1-arm configuration does not significantly change upon
saturating the H2citrate
− layer. The 1-arm configuration maximizes packing. It has one
surface- bound and one free terminal carboxylic acid group that respectively stabilize
the surface-bound layer and promote bilayer formation. Finally, there is a significant
increase in the percent distribution of the tall configuration upon saturating the surface.
The tall configuration has a free central carboxylate group and only one of the two
86
terminal carboxylic acid groups bound, maximizing packing on the AuNP surface. One
of the two free groups in the tall configuration can potentially hydrogen bond with
a free group from another tall configuration or the free central groups in the bridge
configuration, whereas the remaining free group can hydrogen bond with a dangling
citrate in the second layer. Such intermolecular interactions thereby maximize packing,
stabilize the surface-bound layer, and promote bilayer formation, while maintaining the
ideal 2:1 surface-bound to dangling citrate organization.
6.3.3 Density and Stability of Citrate3− and H2citrate
− on 4 nm
Cit-AuNPs and PAH-Cit-AuNPs.
We randomly distributed citrate3− and H2citrate
− equivalent to their maximum packing
density on 4 nm AuNPs in a simulation box with the 4 nm AuNP fixed at the center.
A steering force was applied on citrate3− and H2citrate
− onto 4 nm AuNPs in explicit
TIP3P solvent at constant NPT until the anions were 7.5 Å from the AuNP surface for
20 ns. The citrate molecules were, then, kept frozen, and the solvent was equilibrated
for 5 ns. The constraints on citrate were released, and the system was equilibrated for
10 ns. Finally, a production run of 5 ns was performed with data collected at 10 ps
intervals.
The polycation PAH200 was deposited on the equilibrated structures of cit-AuNPs
along with desorbed excess citrate to test the stability of the citrate layers, and the
system was resolvated in TIP3P solvent (Figure 33). A steering force was applied to
PAH200 toward the AuNP surface for 0.05 ns to promote adsorption of the polycation.
The system was equilibrated for a total simulation time of 20 ns followed by a 5 ns
production run. The numbers of adsorbed citrate molecules, following the construction
and equilibration of cit- and PAH-cit-AuNPs, shown in Figures 34 and 35, do not
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Figure 33: Simulation snapshots of (A) citrate3− and (B) H2citrate
− layers on 4 nm
AuNPs in the presence of PAH at the initial configuration (0 ns), after steering PAH to
the AuNP surface (0.05 ns), and at the end of equilibration and production runs (25 ns).
Gold (yellow), carbon (gray), oxygen (red), hydrogen (white), nitrogen (blue), sodium
(purple), and chloride (orange) atoms are shown. Water molecules are not shown for
clarity.
significantly change during the production runs.
In explicit solvent, we find that citrate3− molecules do not adsorb into a monolayer
(Figs. 29, 33, and A6.4). Rather, citrate3− anions coordinate with Na+ ions and
distribute radially from the AuNP surface due to the accumulation of high surface
charge density on the AuNP surface in agreement with previous simulations [177].
Because citrate3− anions do not form a distinct monolayer in explicit solvent, we track
the density and spatial distribution of citrate3− by distance from the AuNP surface
in 3.5 Å increments. We calculate that approximately 28 citrate3− are directly bound
to the surface of each AuNP (Figure 34). Beyond 17.5 Å, the number of citrate3−
between increments does not significantly change, indicating that there is a total of
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Figure 34: Number of citrate3− within 3.5 Å incremental distances from the 4 nm
AuNP surface vs. time in explicit solvent without and with PAH adsorbed. Each curve
is an average of five trajectories. There are 27.9 ± 2.6 citrates directly bound to the
surface on 4 nm citrate-coated AuNPs. Beyond 17.5 Å there is no significant change in
the number of citrate between 3.5 Å increments, and free citrates are included in the
count. There are 81.7 ± 2.9 citrates within 17.5 Å of the AuNP surface. The number
of surface-bound citrate3− is consistent at 27.2 ± 4.0 molecules near the AuNP surface,
but overall number and spatial distribution of citrate3− near the surface decrease upon
adsorption of PAH.
approximately 82 citrate3− in the adsorbed layer and a surface charge density of 8.1
× 10−10 mol/cm2, distributed radially from face-dependent sites on the AuNP surface.
The remaining citrate3− in the simulation box are free in solution. The difference
in the number of citrate3− between increments signifies the number of citrate3− per
layer. This spatial charge distribution changes upon adsorption of PAH (Figure 34).
The intermolecular interaction between citrate3− through coordination with Na+ ions
becomes disrupted, and citrate3− detaches from the AuNP surface, preventing complete
adsorption of PAH (Figure A6.4).
The density of H2citrate
− bilayers is determined by the 3.5 Å Au–O cutoff distance
for the first layer and an intermolecular O–H distance within 4.0 Å between surface-
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Figure 35: Number of H2citrate
− in the surface-bound layer (Layer 1), dangling second
layer (Layer 2), and the total bilayer (Layer 1 + 2) on 4 nm AuNPs vs. time in explicit
solvent without and with PAH adsorbed. Trajectories are distinguished by color with
no association between like colors in different panels. The number of H2citrate
− in
Layer 1 is 84.7 ± 2.1 without PAH and 83.9 ± 1.7 H2citrate− with PAH adsorbed. The
total number of H2citrate
− in the bilayer on 4 nm AuNPs is 100.7 ± 3.3 without PAH
and 90.3 ± 3.9 H2citrate− with PAH adsorbed.
bound and unbound H2citrate
− for the second layer. The density of H2citrate
− and
surface charge density are 3.3 × 10−10 and 3.3 × 10−10 mol/cm2, respectively (Figure
35). We find that the dangling second layer of H2citrate
− is easily displaced by PAH, but
the surface-bound layer is highly stable (Figure 35). The density of the surface-bound
H2citrate
− layer remains fixed with a surface charge density of 2.8 × 10−10 mol/cm2,
and the total surface charge density of the H2citrate
− bilayer is 3.0 × 10−10 mol/cm2
upon adsorption of PAH.
The stability of the H2citrate
− layer on AuNPs is in agreement with previous ATR-
FTIR experiments, which found that the citrate layer on AuNPs is resistant to thiol
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functionalization [160], and suggests that citrate anions are in the H2citrate
− state on
AuNPs. Figure A6.5 qualitatively shows that PAH200 forms surface-bound segments,
specifically 1–2-monomer loops or kinks, upon adsorption onto cit-AuNPs, as reported
in our previous simulations [24] and discussed in Chapter 5. These surface-bound
structures are consistent across a range of AuNP surface charge densities provided that
the citrate anions remain stable on the AuNP surface, as is the case with H2citrate
−.
The lower surface charge density on cit-AuNPs determined in this work only changes
the structures of the dynamic solvent-exposed segments, such as the length of longer
loops and tails in the adsorbed PAH, but which do not affect the mesoscale interactions
of long-chain polyelectrolytes such as observed in our prior work [24].
6.3.4 Molecular Configurations of Citrate3− and H2citrate
− on 4 nm
Cit-AuNPs and PAH-Cit-AuNPs.
The distribution of citrate3− configurations on gold differs between implicit and explicit
solvents, but the distribution of H2citrate
− is in agreement between the solvent conditions
(Figs. 32 and 36). The different distribution of citrate3− configurations between implicit
and explicit solvent is attributed to differences in structure observed between solvent
conditions.
Comparison of the distribution of molecular configurations between citrate3− and
H2citrate
− in explicit solvent suggests that the tall configurations [43] previously reported
to be on 4 nm cit-AuNPs based on 13C SSNMR indicate the presence of either citrate3−
or H2citrate
−, but larger contribution by H2citrate
−. The bridge configurations [43]
are exclusive to and indicate the presence of H2citrate
− (Figure 36). The oxygen atoms
in the central carboxylate and hydroxyl groups of citrate are solvent-exposed in the
tall and bridge configurations. Of the 0-, 1-, and 2-arm configurations observed in the
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Figure 36: Distribution of molecular configurations in surface-bound citrate3− and
H2citrate
− on 4 nm AuNPs in explicit solvent without and with PAH adsorbed.
simulations, we determined whether a central carboxylate oxygen, the central-hydroxyl
oxygen, or both are bound to the AuNP surface. We find that all hydroxyl oxygens
in citrate3− are bound to the surface, exposing the carboxylate groups to solvent
to coordinate with Na+ ions and that a small percentage of the hydroxyl oxygen in
H2citrate
− is free (Figure A6.6). These configurations are in agreement with previous
simulations of citrate3− adlayers on an Au(111) surface [177] and with ATR-FTIR
experiments [42], which found that the hydroxyl group is free below pH 9, and that
citrate3− binds to the AuNP surface via both hydroxyl and carboxylate groups above
pH 11.14.
Upon adsorption of PAH, we observe a decrease in the surface-bound layer of the
least stable citrate3− configurations, tall and 0-arm, which only have one carboxylate
or hydroxyl group bound. For H2citrate
−, there is a slight decrease in bridge, tall,
and 1-arm configurations and an increase in 2-arm configurations. The intermolecular
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hydrogen bonding between 2-arm H2citrate
− configurations stabilizes not only the
adsorbed citrate anions within the citrate layer but also the interface between the citrate
monolayer and adsorbing cationic molecules.
We performed in situ ATR-FTIR on multilayered PAH-cit-AuNPs to understand the
coordination between citrate within the anionic citrate layer and between the anionic
citrate layer and adsorbing polycation layer. Figure 37 shows ATR-FTIR spectra of
PAH-cit-AuNPs in solution and after drying. In the region between 3600 and 2800 cm−1,
the peak at 3440 cm−1 is assigned to the O–H stretching in water clusters that are
hydrogen bonded to carboxylic acid groups [181]. After the sample of PAH-cit-AuNPs
is dried, this peak for the water clusters disappears, and the peak at 3385 cm−1 is
assigned to N–H stretching in PAH [182]. The small peaks at 3041 and 2600 cm−1
indicate O–H stretching between hydrogen-bonded carboxylic acid groups [42, 183],
which shift slightly after drying the sample. The peak at 2937 cm−1 suggests either
O–H stretching from the carboxylic acid group in citrate or a C–H stretch [183].
In the fingerprint region, characteristic peaks at 1734 and 1704 cm−1 for carbonyl
stretches in carboxylic acid dimers were isolated by Park and Shumaker-Parry [42]
after sealing surface-bound H2citrate
− hydrogen bonded to a dangling H2citrate
− using
long-chain alkanethiols. Our simulations show that the dangling H2citrate
− layer is
displaced upon adsorption of PAH and, thus, this peak is not observed in our FTIR
spectra of PAH-cit-AuNPs. The peaks between 1277 and 1261 cm−1 are assigned to
C–OH stretching in the carboxylic acid group of H2citrate
− [183, 184]. The peak at
1614 cm−1 that shifts to 1603 cm−1 in the dried sample is assigned to ν(C=OO−) from a
salt-bridge formation between a carboxylate group in citrate and NH3
+ group from PAH,




Figure 37: ATR-FTIR spectrum of PAH-cit-AuNPs in solution (top row) and dry
(bottom row): the full (from 4000 to 1000 cm−1), OH region (from 3700 to 2300 cm−1),
and fingerprint region (from 1800 to 1200 cm−1) spectra are shown from left to right.
[183]. These peak assignments are in agreement with simulations showing that 40% of
H2citrate
− on the AuNP surface is in the bridge configuration with terminal carboxylic
acid groups bound to the surface, leaving the central carboxylate group free to interact
with PAH (Figure 36). ATR-FTIR experiments combined with molecular dynamics
simulations on multilayered PAH-citrate-coated AuNPs further show the importance
of H2citrate
−, particularly the bridge configuration, in stabilizing the citrate layer via
hydrogen bonding of terminal carboxylic acid groups and the interface between the
citrate layer and adsorbing polycation via salt-bridge formation between the central
carboxylate group of citrate and amine group of PAH. This analysis on the coordination
of the polycation PAH with amine terminal groups can be broadly applied to study
association of protein coronas on cit-AuNPs.
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6.4 Conclusion
We characterize the structure, stability, and density of citrate3− and H2citrate
− on
AuNPs, using molecular dynamics simulations. For structure, we find the distribution of
tall, bridge, and 2-arm configurations, which are analogous to binding modes of citrate
reported in the literature [42, 43].
Through implicit-solvent simulations, we confirm that the population of tall
configurations increases with increasing packing density [43] and that the distribution
of configurations sampled and packing density are independent of AuNP size. Both
citrate3− and H2citrate
− can be in the tall configuration, as shown in explicit solvent,
but this configuration is more significantly adopted by H2citrate
−. For citrate3−, the
tall configuration can serve to maximize charge separation at high surface charge
density. For H2citrate
−, the tall configuration maximizes packing, stabilizes the
monolayer, and promotes bilayer formation. We find that the bridge configuration is
only adopted by H2citrate
− and suggest its significance in stabilizing the monolayer
and increasing packing. There is a significant presence of the 2-arm configuration
compared to other configurations for H2citrate
− in agreement with previous
ATR-FTIR experiments [42], as the terminal carboxylic acid groups of H2citrate
− in
this configuration participate in intermolecular hydrogen bonding to stabilize the
AuNP surface. However, there is a greater cumulative distribution of 1-arm, tall, and
bridge configurations that maximizes packing, thereby yielding a greater density than
previously predicted [42].
We use a combination of molecular dynamics simulations and in situ ATR-FTIR
experiments to characterize the citrate layer of 4 nm PAH-cit-AuNPs. ATR-FTIR
experiments confirm the presence of H2citrate
− within PAH-cit-AuNPs and agree with
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configurations between citrate molecules and between citrate and PAH predicted by
simulations. We find that the H2citrate
− layer is highly stable upon PAH adsorption
in simulations. In particular, there is a high population of bridge configurations that
enables intermolecular hydrogen bonding between citrate via terminal carboxylic acid
groups and salt-bridge formation between the free central carboxylate group in citrate
and the amine group in PAH. In contrast, the citrate3− layer is disrupted, and removal
of citrate3− from the AuNP surface is observed in the presence of an adsorbing cationic
molecule, highlighting the differences in the stability of citrate3− and H2citrate
− layers,
particularly at charged interfaces. The similarity of the distributions between H2citrate
−
and citrate3− configurations across AuNP sizes in implicit solvent, of the distributions
of H2citrate
− configurations between implicit and explicit-solvent conditions, and in
the structure of citrate3− layers on 4 nm AuNPs and on planar Au(111) surfaces [177]
suggests similar structure of citrate layers in larger-sized nanoparticles and local response
to adsorbing charged molecules at the site of adsorption. For larger-sized nanoparticles,
the adsorption of multiple polycations or protein coronas must also be considered, and
we obtained an all-atom structure for the H2citrate
− layer and charge density useful for
bottom-up coarse-graining simulations of these larger-scale systems.
We determine the density of citrate3− on the AuNP surface to be 2.7 × 10−10
mol/cm2 and the surface charge density to be 8.1 × 10−10 mol/cm2, spatially
distributed across 17.5 Å radially from the AuNP surface. However, this spatial charge
distribution fluctuates upon adsorption of charged molecules. We determine the density
of bilayered H2citrate
− to be 3.3 × 10−10 mol/cm2. Upon PAH adsorption, the density
of monolayered H2citrate
− remains consistent at 2.8 × 10−10 mol/cm2 with H2citrate−
distributed nonuniformly in a face-dependent manner, and total density and surface
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charge density decrease to 3.0 × 10−10 and 3.0 × 10−10 mol/cm2, respectively, due to
some displacement of the dangling, second H2citrate
− layer by PAH. These values of
citrate density and surface charge density are significantly lower than predicted from
experimental characterization in dried samples of cit-AuNPs [12, 162]. The stability of
H2citrate
− layers justifies the use of fixed-charge models for the representation of the
citrate layer in simulations. This also provides an all-atom level determination of the
distribution of configurations and coordination modes of citrate predicted by







In Chapters 4 and 5, we showed that typical synthesized or engineered nanoparticles
(NPs), such as alkanethiol- and polyelectrolyte-coated gold nanoparticles (AuNPs),
have non-uniform spatial charge and hydrophobic-group distributions on their surfaces
[24, 23]. We expect this non-uniformity to play an important role in interactions of
AuNPs with lipids, which have distinct spatially distributed hydrophobic head- and
hydrophilic tail-groups. Previous studies have revealed that lipid extraction by NPs
[26] and NP translocation through lipid bilayers [130] require high energy barriers.
Nanoparticle transformations at the nanoparticle-lipid bilayer interface are, thus, rare
events that are difficult to observe or sample at the ns-µs timescales accessible by
molecular dynamics simulations, and coarse-grained simulations are required. Top-down
coarse-grained models of NPs have focused on NPs with spatially uniform displays of
their ligands and charged head groups [172, 174, 185, 186, 187]. Through our bottom-up
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approach, we create structurally benchmarked NP models that address the non-uniform
layering on NP surfaces and lipid-vesicle models of various sizes.
We use dissipative particle dynamics (DPD) for our coarse-grained simulations. DPD
is a coarse-grained simulation method developed to predict the hydrodynamic behavior
of complex fluids and soft matter at long time- and length-scales [153, 154, 188]. Similar
to the MARTINI force field [152], the DPD coarse-graining scheme that we implement
groups roughly three neighboring heavy atoms with similar chemical properties into
larger beads of equal volume, reducing the atom count and increasing accessible length-
scales, accordingly. DPD uses a soft, linearly-repulsive conservative force, FCij , for
pairwise nonbonded interactions between any bead i and neighboring bead j within a
cutoff distance rc, allowing for larger timesteps and for simulations to reach time-scales
inaccessible to all-atom molecular dynamics (MD) and longer time-scales compared to
MARTINI coarse-grained simulations:
where aij is a parameter that defines the degree of repulsion between bead types. Further,
DPD is flexible in the number of heavy atoms grouped and the volume per bead and
can be readily re-parameterized accordingly [189, 190, 191, 192, 193]. Combining the
conservative force with a random force and dissipative force [154, 188] and tuning the
force contributions from bond stretches and angle bends between neighboring beads,
DPD simulations can capture the structural properties of lipid membranes [192, 194, 195],
the swelling behavior of hydrogels [196], and the rheology of red blood cells [193, 197].
In these applications, charged groups and water molecules are modeled as charge-neutral
hydrophilic beads with the repulsive parameter aij tuned to reproduce the separation
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of hydrophilic and hydrophobic phases in bulk soft matter.
Increasingly, DPD is being used to model and understand local interactions at the
interface of nanoscale materials and lipid-bilayer systems, where charge and local pH
effects influence the interactions [22, 143]. Both MARTINI and DPD coarse-grained
simulations have been used in parallel to determine design rules for the surface chemistry
of nanoparticles to control nanoparticle assembly and penetration into lipid membranes
[130, 131, 134, 173, 174, 186, 198, 199]. Vesicles made up of 270-2300 lipids and
membrane-wrapped nanoparticles [200] have also been modeled as potential vectors
for biologically noninvasive transport and delivery of drug molecules and nanoparticles
[199, 201, 202, 203]. These simulations are inherently mesoscale: they predict molecular
mechanisms of nanomaterial function and the physiological processes of lipid bilayers
more generally, such as vesicle formation and fusion to membranes [204, 205, 206], that
are difficult to validate bottom-up from the atom-scale resolution using MD simulations
[22] and top-down by experiment [6].
Moreover, the DPD force-field parameters developed for our NP and lipid-vesicle
models are described in Section 7.2. The structural benchmarking of NP models is
discussed in Section 7.3.1. We employ a suite of all-atom MD, MARTINI, and DPD
simulations with the inclusion of electrostatic interactions [207] to compare the structure
and stability of vesicles across a range of sizes at varying particle resolution in Section
7.3.2.
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Figure 38: Coarse-graining scheme for a) lipids and b) ligands overlaid on the molecular
structures with DPD beads labeled by “bead number, bead type”. The bead types are
the positively charged quaternary ammonium group (p), negatively charged phosphate
group (n), glycerol group ester-linked to the lipid tails (e), CH2 and CH3 groups in the
lipid tails and ligand chains (c), and gold (g).
7.2 Materials and Methods
7.2.1 Simulation Setup
For coarse-grained DPD simulations, three heavy atoms are mapped to one coarse-
grained bead with a bead volume of 90 Å3. This mapping scheme is illustrated in Figure
38. Reduced units are used with the pairwise-interaction cutoff distance, rc, set to 1.0
for distance units, and the mass of each coarse-grained bead and time unit τ are also set
to unity. The unit of energy, ε = kBT (at T = 300 K), is set to unity, and thereby, the
reduced temperature T ∗ (= kBT/ε) = 1. Harmonic potentials are used to describe the
bond stretch between two beads, i and j, and the angle bend between three beads i, j,
and k around their equilibrium values in the form Ubond = Kij(rij − req)2 and Uangle =
Kijk(θijk − θeq)2, respectively. For nonbonded interactions, the DPD conservative force
FCij (Eq. 1) and an electrostatic force F
E
ij (Eq. 2) [207] are used and combined with
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random and dissipative forces [154] implemented into the DPD thermostat in LAMMPS
[116]. For the electrostatic force, charged beads are assigned a +1 or −1 charge, and D
is set to 0.65, as previously described [207]. The relative permittivity, ε, of the water
solvent is 78.3, and ε0 is the vacuum permittivity.
A bead density of ρ = 3 is used for simulations; that is, the total number of DPD
beads in the system is equal to three times the box volume (in units of r3c ). The
nonbonded interaction parameter, aij , between solvent beads is set to 25 in reduced
energy units to reproduce the compressibility of water at 300 K. With this bead density
and solvent parameter, rc is equivalent to 6.46 Å in real units [192], and this conversion
is used to present the results. The parameters used for nonbonded, bond-stretch, and
angle-bend interactions are presented in Tables 2 and 3.
Table 2: DPD nonbonded parameters, aij , (Eq. 1) between bead types, as described in
Figure 38.
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Table 3: DPD bond-stretch and angle-bend parameters between bead numbers, as
described for DMPC lipids and MUTAB ligands in Figure 38. MUA is the anionic
analog of MUTAB. “1-2” denotes the bond between bead 1 and bead 2. “1-2-3” denotes
the angle between bonds “1-2” and “2-3” with central bead 2 as the vertex of the angle.
7.2.2 Coarse-Grained Nanoparticle and Lipid-Vesicle Models
The three heavy atoms to one coarse-grained bead mapping and bead volume of 90 Å3
result in a ligand density of 4.8 molecules/nm2 on a 4 nm spherical shell for the NP in
agreement with experiments [23]. The alkanethiol ligands were grafted uniformly on
the spherical NP shell, and the interactions of NPs and zwitterionic 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) lipids were modeled using force-field parameters
modified from those developed by Smit and co-workers [192] for DMPC lipids (Tables 2
and 3) with electrostatic interactions [207] incorporated (Eq. 2).
We constructed 288-, 576-, 1500-, and 4000-DMPC lipid vesicle models by preparing
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planar membranes with equal number of lipids in the upper and lower leaflets and
surrounding all sides, including the hydrophobic edges, with water using Packmol [115].
We ran ten simulations for each condition, and the membranes self-assembled into
vesicles [191].
7.3 Results and Discussion
7.3.1 Structural Benchmarking of Non-Uniformity in Self-Assembled
Monolayers and Polycations on Gold Nanoparticles
The DPD force-field angle parameters were tuned for alkanethiol ligands (Table 3).
From an initial uniform spatial distribution of MUTAB ligands, the ligand layer self-
assembled into spatially segregated ordered domains, as observed in the all-atom
molecular dynamics simulations reported in Chapter 4 (Figure 39).
Likewise, we took a bottom-up approach to create DPD coarse-grained models
for polyelectrolyte wrappings on citrate-coated AuNPs described in Chapters 5 and 6.
We distributed negatively charged beads on the spherical NP shell at the H2citrate
−
density determined in Chapter 6 to represent the citrate-coated AuNP surface. We
implemented the coarse-grained mapping scheme in Section 5.2.3 of Chapter 5 and
nonbonded parameters for hydrophobic (“c”) and hydrophilic beads (“p”) (Table 2)
and tuned angle parameters along the polymer backbone to reproduce the adsorption
of PAH200 onto AuNPs with hemispheric NP coverage and heterogeneous, dynamic
segments on the NP surface (Figure 40).
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Figure 39: Self-assembly of a DPD coarse-grained MUTAB alkanethiol monolayer into
spatially non-uniform ordered domains observed in all-atom simulations.
Figure 40: Adsorption of DPD coarse-grained PAH200 onto AuNPs with incomplete
hemispheric coverage and dynamic, looping segments observed in all-atom simulations.
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7.3.2 Correspondence and Predictability in Vesicle Size and
Structure across All-Atom, MARTINI, and Dissipative
Particle Dynamics Simulations
The number of lipids in the inner layer and outer layer of a vesicle and the number of water
molecules inside the vesicle were counted from the last frame of each vesicle self-assembly
simulation and averaged across all simulations. The assembly of planar membranes
into vesicles occurs on the time-scale of hundreds of nanoseconds to microseconds [191],
which is generally not accessible by all-atom molecular dynamics (MD) simulations.
Therefore, we reverse engineered an all-atom DMPC lipid vesicle from the structural
characteristics–the average number of lipids in each layer and water inside the vesicle–of
the smallest 288-DMPC lipid vesicle assembled from the DPD coarse-grained simulations.
All-atom DMPC lipids and TIP3P water molecules were packed, using Packmol [115],
to form an initial spherical vesicle. All-atom MD simulations were run using LAMMPS
[116] and the CHARMM36 force field [208] and equilibrated at constant NPT under
1 atm at 300 K with a 2 fs timestep. Both the all-atom and DPD 288-lipid vesicles
equilibrated to non-spherical structures with planar regions along the vesicle surface
(Figure 41). This deviation from a spherical vesicle structure is attributed to the high
bending resistance of smaller vesicles with high surface curvatures [209, 210].
With greater than 576 lipids, vesicles become spherical, and the spherically symmetric
structural properties relative to the vesicle’s center of mass, as well as dynamical
properties, can be determined as a function of vesicle size. For example, we calculated
the lipid tail end-to-end distance per lipid tail in each vesicle by taking the difference
in the radial coordinates (relative to the vesicle COM) of the lipid glycerol bead and
final tail bead. Negative values represent lipids in the inner layer, and positive values
represent lipids in the outer layer of the vesicle. We calculated the frequency of lipid tail
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Figure 41: Representative snapshots of 288-DMPC lipid all-atom (left) and DPD coarse-
grained (right) vesicles. For the all-atom vesicle, nitrogen atoms are shown in blue,
phosphorus atoms in yellow, oxygen atoms in red, carbon atoms in gray, and hydrogen
atoms in white. For the DPD vesicle, coarse-grained ammonium-group beads are in
blue, phosphate groups in red, glycerol beads in orange, and lipid-tail beads in gray.
end-to-end distances and normalized by the total number of frames sampled such that
a value of 1 represents one instance in each frame (Figs. 42 and A7.1 in the Appendix).
The distribution of lipid tail end-to-end distances indicates the local packing of
lipids in the vesicle. Figure A7.1 shows vesicle size- dependent lipid packing. As the
number of lipids in the vesicle (i.e. vesicle size) decreases, there is a higher frequency of
smaller end-to-end distances to induce curvature. Our collaborators, Cui and co-workers,
provided preliminary data from vesicle self-assembly simulations, starting from 4000
lipids and using the finer-grained MARTINI lipid models [152], to benchmark the DPD
coarse-grained models. The distribution of lipid tail end-to-end distances is in agreement
between MARTINI and DPD vesicles (Figure 42).
The radial distribution function, g(r), between the the vesicle center of mass and
the ammonium, phosphate, glycerol, lipid-tail groups were computed for each vesicle
size (Figs. A7.2, A7.3, and A7.2). Vesicles with 576, 1500, and 4000 lipids yield sizes of
∼10, 16, and 24 nm in diameter, respectively. They also have a membrane thickness of
4 nm in agreement with experimental and simulated values [191].
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Figure 42: Distribution of lipid tail end-to-end distances in 4000-lipid, 25 nm MARTINI
and DPD coarse-grained vesicles.
The average number of lipids counted in the inner layer of each vesicle and size of
the inner layers determined from the g(r)’s were used to calculate the area per lipid
(Figure 43). The area per lipid in the inner layer of each vesicle is consistently 0.66 nm2
in agreement with experimental values for DMPC lipids [191], suggesting that the inner
layer dictates the size of vesicles with a predictable size-independent lipid count. The
number of lipids in the outer layer of vesicles, however, should be size-dependent with
more lipids in the outer layer at smaller vesicle sizes and higher curvature and with
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Figure 43: Average number of lipids (red dots) and surface area for the inner layer of
vesicles self-assembled from 288-, 576-, 1500- and 4000-lipid planar membranes. The
black dashed line fits the equation Area = 0.66*Nlipids, in agreement with the area per
lipid of 0.66 nm2/lipid determined experimentally for DMPC lipids [191].
roughy equal number in each layer for larger vesicles and smaller curvature. Stelter
and Keyes have suggested Equation 3 that follows the size-dependent lipid count in the
outer layer, Nouter:
(Nouter − Ninner)/Ninner = b exp(-cRd) (3)
where Ninner can be determined for any desired inner vesicle radius R given the area per
lipid (e.g. 0.66 nm2/DMPC lipid) and b = 11.026, c = 1.537, and d = 0.296 are fitted
parameters [200]. Using Eq. 3, we constructed a stable 60 nm (in diameter) vesicle
(Figure 44)–the smallest isolatable vesicle size reported in the literature with which the
membrane dynamics can be probed via neutron spin-echo spectroscopy [211]. Thereby,
the 60 nm vesicle model can be used in future work to benchmark our DPD force-field
parameters for the dynamical properties of vesicles.
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Figure 44: Representative snapshot (left) and cross section (right) of a 60 nm DPD
coarse-grained vesicle.
7.4 Conclusion
We have used all-atom and MARTINI simulations to benchmark both the
size-dependent structural properties of vesicles and the non-uniform structure of
self-assembled monolayers and polyelectrolyte wrappings on AuNPs, constructed using
our newly developed DPD force-field parameters (Tables 2 and 3). Together, these NP
and lipid vesicle models can be implemented in coarse-grained DPD simulations to
determine the mechanisms of NP transformations and biological impacts.
110
Chapter 8
Non-Uniformity in Nanoparticle Surface
Chemistry Drives Lipid Corona
Formation
8.1 Introduction
As shown in Chapters 4 and 5, alkanethiol- and polyelectrolyte-coated gold nanoparticles
(AuNPs) each have unique surface layering and distributions of hydrophobic and charged
groups due to both the ligand structure and method of functionalization. Alkanethiol
ligands are grafted and form a monolayer on the AuNP surface. Depending on the alkyl
chain length and AuNP surface curvature, alkanethiol ligands can segregate into ordered
domains, or ligand islands, creating defects in the monolayer and exposing hydrophobic
ligand chains on the edges of ligand islands [23, 110]. Polyelectrolytes electrostatically
adsorb onto anionic AuNP surfaces to form solvent-exposed loops [24], and can detach
[135]. Such differences could explain the different toxicological responses in bacteria to
alkanethiol- vs. polycation-coated AuNP exposure [11] and transformations observed
experimentally upon interaction with lipid vesicles [37].
In particular, the experiments that probe interactions of AuNPs with model one-or
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two- component lipid-vesicle systems are at the scale and complexity with which we
can decipher the mechanistic differences in AuNP transformations as a function of
the surface chemistry, using coarse-grained simulations. These experiments, in which
AuNPs functionalized with either the alkanethiol MTAB or the polyelectrolyte PAH
were retrieved after incubation with lipid vesicles, showed that both AuNPs acquired
lipids after retrieval. However, the lipid-acquired MTAB-AuNPs did not aggregate after
retrieval, but PAH-AuNPs did, suggesting that the different surface chemistries of the
AuNPs lead to different structural transformations (e.g. lipid-corona structures and
nanoparticle aggregation) [37]. Here, we, therefore, implement coarse-grained MARTINI
and dissipative particle dynamics (DPD) simulations to explain lipid corona formation
and transformations of lipid-acquired AuNPs at the molecular level.
8.2 Lipid Self-Assembly on Polycation-Coated Gold
Nanoparticles
The all-atom 200-mer polycation, PAH200-coated AuNP structure determined in Chapter
5 was used to benchmark a polarizable MARTINI (POL-MARTINI) model for PAH-
AuNPs developed by our collaborators [26]. The POL-MARTINI simulations of lipids
randomly distributed throughout the simulation box with the PAH-AuNP fixed at the
center revealed that lipids self-assemble to form membrane patches on PAH-AuNPs.
We take the DPD coarse-grained PAH-AuNP and lipid models developed in Chapter
7 to simulate directly the transformations at the interface between of PAH-AuNPs and
a lipid membrane. The exposed, polymeric backbone allows PAH-AuNPs to embed into
the hydrophobic layer of the membrane (Figure 46). Lipids are associated with the
bilayered structure intact, consistent with the lipid self-assembly simulations. Similar
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Figure 45: (A) The final snapshot after 400 ns of simulations using the POL-MARTINI
coarse-grained model for lipid self-assembly on a AuNP wrapped in a single PAH
polymer of 160 monomers. Lipid tails are shown as white and purple lines. (B) A
zoomed-in view of just the phosphate (orange), PG head group glycerol (red), and
choline (green) groups within 6 Å of the cationic side chain of PAH (purple and gray)
or Au (yellow). (C) Final snapshot after 52.5 ns of an all-atom simulation of PAH
deposition on a citrate-AuNP. Water and counterions are removed for clarity.
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Figure 46: Cross section of PAH200-AuNP embedded in membrane.
embedding of PAH-AuNPs into bacterial membranes has been captured in transmission
electron micrographs of PAH-AuNPs [11]. Thus, we demonstrate that terminal cationic
groups in the polycation PAH promote electrostatic attraction with anionic phosphate
groups in lipid bilayers. Additionally, the exposed hydrophobic groups of the polymeric
backbone are critical in associating with lipid-bilayer systems and driving lipid-corona
formation.
8.3 Defects in Self-Assembled Monolayers on
Nanoparticles Prompt Phospholipid Extraction and
Bilayer Curvature-Dependent Transformations
8.3.1 Introduction
As mentioned in Chapter 4, nanoparticles (NPs) are typically functionalized with
ligands to obtain colloidal stability and uniform dispersion in aqueous suspensions or
thin films [212]. The self-assembly of alkanethiol monolayers on NP surfaces is a common
means of functionalization [93]. Both experiment and simulation have helped identify
certain ligand structures and properties that trigger events initiated at the interface
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between AuNPs and lipid bilayers such as AuNP binding, AuNP translocation, and
cell lysis. All-atom molecular dynamics (MD) simulations [132, 133] have shown that
cationic alkanethiol-coated AuNPs interact more strongly with planar membranes than
anionic alkanethiol-coated AuNPs because the cationic ligands can penetrate deeper
into the membrane surface where the lipid-head phosphate groups are located. At larger
biologically relevant scales, experiments observing reduced bacterial colony count and
cell lysis have demonstrated that cationic AuNPs are generally more toxic potentially
due to stronger association of cationic AuNPs with lipid bilayers [11, 8]. Interestingly,
MD simulations of lipid bicelles [130] and MARTINI coarse-grained simulations of
membranes [134] with 2 nm (in diameter) AuNPs protected by mixed ligand layers of
anionic alkanethiols and uncharged methyl-terminated alkanethiols have shown that
anionic AuNPs can also insert into these zwitterionic lipid-bilayer systems. These results
suggest that association of NP ligands with lipid bilayers is independent of the ligand
charge provided that parts of the hydrophobic alkyl chains in both the ligands and the
lipids are solvent-exposed and in proximity to interact.
In essence, the morphology of the self-assembled monolayer (SAM) of ligands on
NPs drives the interaction of NPs with amphiphilic biomolecules. Simulations of the
nano-bio interface have largely focused on defect-free SAMs on NPs for functionalized
NP models. That is, the force-field parameters for NP ligands have been tuned [185, 186],
or mixtures of charged and uncharged ligands, each with different lengths, have been
used [130, 131, 134, 213] to generate SAMs with uniform spatial distribution of ligands
on NPs. The even distribution of hydrophilic and hydrophobic coarse-grained beads on a
spherical NP surface also represents defect-free SAMs on NPs [172, 174, 187]. In a recent
study highlighted in Chapter 4, we used a combination of solution nuclear magnetic
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resonance (NMR) spectroscopy and MD simulations to determine the SAM structure of
the alkanethiol (11-mercaptoundecyl)trimethylammonium bromide (MUTAB) and of
the 16-carbon variant (MTAB) and the nature of defects in SAMs when varying ligand
density and AuNP size with correlation to corresponding changes in NMR chemical shifts
of the terminal quaternary ammonium headgroup protons [23]. Long-chain alkanethiols
assemble into ligand islands particularly on smaller NP core sizes less than 8 nm with
greater NP surface curvature due to the competition between hydrophobic ligand chain
packing and free volume available in space per ligand, leaving large defects or voids
between ligand islands (Figure 47A). This ligand-island morphology on AuNPs has
previously been revealed via MD simulations by other groups [110, 111, 114] and is
predicted to form among ligands with alkyl chain length of more than four –CH2 groups
[110]. This ligand-island morphology has also been observed both experimentally and
computationally in NPs of other metal cores: CdSe [120], PbS [214], and silver [215].
Here, we used and dissipative particle dynamics (DPD) simulations with the
corresponding bottom-up coarse-grained NP models to reveal a mechanism for NP
insertion, lipid extraction, and bilayer thinning driven by large defects in SAMs on
smaller NPs (Figure 47). Lipid extraction from zwitterionic vesicles by 14 nm
MTAB-coated AuNPs has been observed experimentally [37], suggesting that even
larger NPs with nearly saturated and uniformly distributed terminal headgroup ligand
layers alongside smaller defects [23] strongly incorporate with lipid bilayers at long
experimental time-scales. The persistence of defects in alkanethiol monolayers on NPs
and planar metal films is also inevitable due to small molecule adsorbates and surface
impurities, facets and unevenness of the metal surface itself, and the assembly of








Figure 47: Mechanism for nanoparticle (NP) insertion and lipid extraction onset by a
protruding lipid (shown in solid beads in row 2): A) Lipid-tail protrusion, which we set
as t = 0 for our results, enables interaction with exposed hydrophobic chains on the edges
of ligand islands; B) A ligand island inserts into the vesicle, and surrounding defects
become sites for lipid extraction, shown after 20,000 timesteps; C) The nanoparticle has
inserted, and the ligand layer is saturated with lipids, shown after 200,000 timesteps. In
row 1, all coarse-grained beads are shown to scale with gold beads in yellow, hydrophobic
beads of the NP ligands in gray, hydrophobic beads of the lipids in cyan, lipid glycerol
groups in orange, lipid phosphate groups in red, and quaternary ammonium groups
of both the lipids and NP ligands in blue. In row 2, all beads, except for the initial
protruding lipid, are made transparent with smaller bead size, and water beads are
removed for clarity.
SAM defects on the acquisition of biomolecular coronas by NPs are limited because
defect formation is inherently difficult to isolate and control through experiments. MD
simulations have enabled modeling of designed defects in SAMs on planar films to show
how adsorption into defects can significantly alter the native conformation of proteins
[216]. Our results here demonstrate that even commonly synthesized NPs can undergo
significant defect-triggered transformations, particularly lipid extraction and corona
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formation on NPs, at the NP-bilayer interface with biological consequences.
8.3.2 Materials and Methods
Coarse-grained models of 4 nm AuNPs functionalized with the cationic ligand MUTAB-
or its anionic analogue 11-mercaptoundecanoic acid (MUA) and DMPC-lipid vesicles, as
discussed in Chapter 7, were simulated together to understand vesicle size and curvature
effects on transformations at the nano-bio interface.
For each simulation, the gold core of the NP moves as a rigid body with its center
of mass initially attached to a spring at the center of the simulation box, allowing it to
move up to 2 nm (the NP radius) from this position. The vesicle is free to move in the
simulation box. Box sizes are chosen such that half of a box length is the sum of the
radius of the NP, the diameter of the vesicle and a 13 Å water cushion. Thereby, the
NP does not interact with the periodic image of the vesicle. Counterions are included
so that the salt concentration of the box is 0.1 M. The system size is shown in Table
A8.1 in the Appendix.
We observed that lipid-tail protrusion is the first step in the insertion of NPs into
bilayers (Figure 47A), as previously identified with 2 nm AuNPs on curved edges of
bicelles [130] and on planar membranes [134]. At the first onset of lipid-tail protrusion,
simulations are restarted with constraints on the NP removed. We ran a series of
simulations of up to 10,000,000 timesteps and obtained five trajectories each of MUTAB-
and MUA-NPs with a 12 nm vesicle and three trajectories of MUTAB-NP with a 25
nm vesicle, in which a protruding lipid tail comes in contact with a NP ligand chain.
Packmol [115] was used to generate the initial configurations for each simulation.
All simulations were run using LAMMPS [116] at a timestep of 0.02τ , with a timestep
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on the order of 100 ps [174, 187, 217], at constant NVE. The DPD thermostat was set
to the reduced temperature T ∗ = 1. Short- and long-ranged electrostatic interactions
are calculated through the particle-particle particle-mesh (PPPM) method, and the
short-ranged interactions are obtained explicitly with the electrostatic force within the
cutoff distance, rc in reduced units, as described in Chapter 7.
8.3.3 Results and Discussion
We find that SAM defects on NPs not only prompt NP insertion into bilayers, but also
become sites for lipid extraction from bilayers (Figs. 47B, A8.4, A8.5, A8.6). At the
end of each trajectory, we identified a ligand that had inserted into the vesicle and
tracked its distance from the center of mass (COM) of the vesicle (vesicle COM) over
time, starting from the initial lipid-tail protrusion event set as t = 0 (Figure 48A). The
ligand is initially oriented ∼63-84 Å away from the vesicle COM, or ∼3-24 Å from the
12 nm vesicle surface, exposing the hydrophobic chains on the edges of its associated
ligand island toward the vesicle. The converged distance between the tagged ligand
and vesicle COM fluctuates around an average of 24.9 Å. The NP appears to remain
inserted and extracts lipids via the shuttling of lipids near the site of ligand-island
insertion to SAM defects around the ligand island; it does not acquire lipids by the
detaching and tumbling of NPs along the vesicle. At the coarse-grained level of these
simulations, a timestep cannot be rigorously mapped to real time units [22]. An effective
coarse-grained time can be obtained by matching the lateral diffusion coefficient of
lipids in DPD simulations with experimental values. The resulting estimate of the
DPD timestep is on the order of 100 ps [174, 187, 217]. The time to NP insertion is
25,000-75,000 timesteps, or on the order of 2.5-7.5 µs (Figure 48A) and to the saturation
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of SAM defects with ∼92 lipids extracted from the vesicles is 100,000 timesteps, or
on the order of 10 µs (Figure 48B). The fluctuations around the average number of
lipids extracted suggest that lipids can still move between the membrane and the SAM,
once the NP has inserted. The corresponding results with the 25 nm vesicle are in
the Appendix (Figure A8.3), showing a similar time to NP insertion and coordination
number of ∼93 lipids due to the fixed ligand density on NPs.
Figure 48: A) Distance between NP ligand and vesicle COM, dligand−vesicle,COM vs.
time. B) Number of lipids extracted vs. time. C) Percent of water and number of water
beads leaked from vesicles vs. time. Note that each trajectory started with 585 water
molecules inside the vesicle core. In each panel, the results from five trajectories with
cationic MUTAB-NPs and 12 nm vesicles are shown in blue and from five trajectories
with anionic MUA-NPs and 12 nm vesicles in red. The lipid-tail protrusion event is set
as 0 timesteps.
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The number of lipids extracted and the percent of water leaked from vesicles were
determined by first computing the radial distribution functions, g(r)’s, between the
NP COM and lipid glycerol beads and between the vesicle COM and glycerol beads,
respectively (Figs. A8.1 and A8.2). We used the distance at the half-maximum after
the respective peak in the g(r)’s as cutoffs to count the gain in lipids within the cutoff
around the NP COM, excluding the portion of the NP inserted in the vesicle, and
loss of water within the cutoff around the vesicle COM. We observe no consistency
in the percent of water leaked upon NP insertion and attribute high leakage (> 10%)
to deformations in 12 nm vesicles due to the metastability and high bending moduli
of smaller vesicles with greater curvature [209, 210, 218, 219]. Leakage of 0-60 water
beads is more consistent with results from simulations using the larger 25 nm vesicles
(Figs. 48C and A8.3). Even in the dilute limit of a single NP and vesicle, we found
that NP association can lead to water leakage in agreement with experiments involving
fluorophore release from vesicles [8, 220].
We also find that ligand-island insertion, lipid extraction, and ligand length
collectively cause bilayer curvature-dependent transformations. We calculated the
absolute value of the difference in the radial coordinates relative to the vesicle COM of
the glycerol bead and final tail bead, and took the average value between the two tails
per lipid to determine the lipid tail end-to-end distance, ree, for each lipid in the vesicle.
The distribution of ree, in essence, captures the local packing and tilting of lipids
throughout the vesicle in response to NP exposure (Figure 49). Vesicles in the size
range of ∼10 nm are generally metastable and readily fuse with other vesicles to make
larger ones [218, 219]. Moreover due to the high bending resistance of highly curved




Figure 49: Distribution of lipid glycerol groups and the average lipid tail end-to-end
distance, ree, for each lipid for 12 nm (in panels A and B) and 25 nm (in panels D and
E) vesicles without the presence of MUTAB-NP and in the presence of MUTAB-NP
200,000 timesteps after the lipid-tail protrusion event upon NP exposure. The trajectory
snapshots in panels C and F show the corresponding cross sections of the NP inserted
in the vesicles. The color of a given point in panels A-B and D-E indicates the ree as
per the colorbar shown next to panel A. A high ree is indicative of lipid tails oriented
perpendicular to the plane of a bilayer, and a small ree is indicative of lipid tails oriented
parallel to the plane of a bilayer. Vesicles are oriented with the COM at 0 nm and
the NP insertion site at the 0◦ pole. Lipid distribution is plotted in 1 nm radial ticks
relative to the vesicle COM invariant of the equatorial angle, and therefore, there are
fewer points sampled at the poles compared to the equator.
planar (Figs. 49A,B, A8.7, and A8.8). Figure 49C,F illustrates the reconfiguration of
the lipid bilayer around the inserted ligand island and surrounding defects. The bilayer
becomes thinner at the NP insertion site, as quantified by an increase in blue markers
signifying smaller ree and a shift in the distribution of lipids in the inner layer from 3
to 4 nm away from the 12 nm vesicle COM and from 9 to 11 nm away from the 25 nm
vesicle COM (Figs. 49, A8.7, A8.8, and A8.9). This thinning is common to both the 12
nm and the larger 25 nm vesicle though the latter is subject to less deformation due to
the fact that it is necessarily less curved a priori. In both cases, the bilayer thins such
that hydrophobic contact between the lipid bilayer (ten hydrophobic beads across) and
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ligand chains (four hydrophobic beads) is maximized and that the hydrophilic terminal
groups of the ligands penetrate to the water inside the vesicle. Longer time-scale
results after 1,000,000 timesteps are presented in the Appendix (Figs. A8.7, A8.8, and
A8.9), showing that these are converged structural transformations.
8.4 Conclusion
We have demonstrated that commonly synthesized alkanethiol-coated NPs can extract
lipids upon NP insertion into bilayers and lead to bilayer curvature-dependent
deformations, such as bilayer buckling and planarization, which all need to be
considered when characterizing NPs and bilayers at their interface. Although the
ligand charge affects the probability of NP association with bilayers–cationic NPs are
more likely to insert into defect-free supported bilayers [130, 132, 133]–deformations at
the nano-bio interface are dependent on ligand structure, such as alkyl chain length.
The ligand islands that form on the AuNPs surface at greater surface curvatures and
with longer ligands insert into bilayers with the defects in the surrounding alkanethiol
monolayer becoming sites of lipid extraction. Polycation-coated AuNPs interface
differently with lipid-bilayer systems due to the greater spatial distribution of
hydrophobic groups via the exposed polymeric backbones, which prompt embedding of
the AuNP into bilayers. We have thereby determined the molecular-level basis for the





Through bottom-up simulation approaches, we have shown that typical synthesized or
engineered nanoparticles (NPs) have non-uniform surfaces. These NPs can undergo
significant transformations at the nano-bio interface due to heterogeneous spatial charge
and hydrophobic group distributions, such as in polyelectrolyte wrappings and in defects
within self-assembled alkanethiol monolayers. We suggest that this precise distribution
on NPs dictates their transformations and biological impact.
9.2 Nanoparticle Design Rules
Controlling NP transformations in complex biological environments and, thereby,
minimizing biological impact require understanding of and synthetic control over the
structure and reactivity of the NP surface. We have learned that for alkanethiol-coated
ligands, the self-assembled monolayer (SAM) structure of alkanethiols on AuNPs can
be tuned by varying ligand structure and AuNP size [23]. By a combination of using
ligands with bulky terminal charged groups, decreasing alkyl chain length, and
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increasing AuNP size, the headgroup layer in SAMs can be saturated, resulting in
uniform ligand and spatial charge distribution on AuNPs. This prevents lipid corona
formation, as there would be no hydrophobic groups exposed in the SAMs to extract
lipids or penetrate lipid bilayers through interactions with phospholipid tails.
However, defect-free design of SAMs on AuNPs does not prevent the formation
of protein coronas. The acquisition of extracellular protein coronas by NPs is largely
driven by electrostatic attraction between the NP surface charge and oppositely charged
solvent-accessible amino acid residues on proteins [17]. Work by us and other groups
have shown understanding of and increasing control over the orientation of proteins
on AuNPs and the desorption of proteins [17, 32, 221]. The challenge still remains
to minimize protein agglomeration on charged ligand-coated NPs and deformation in
protein structure upon the adsorption of proteins onto NPs.
The layer-by-layer design of polyectrolyte-coated AuNPs enables promising
applications in sensing [126], imaging [127], and drug-delivery [128, 129]. However,
commercially available polyectrolytes, such as poly(allylamine hydrochloride), are
variably long and non-uniformly layer on the AuNP surface [24]. Again, the charged
surface of polyelectrolyte-coated AuNPs prompts protein corona formation, and the
exposed polymeric backbone enables penetration into lipid membranes. Greater
fundamental understanding of this class of engineered AuNPs is required through a
bottom-up approach. Design rules can be developed for multilayered NPs by
controlling polyelectrolyte length and monomer structure, their influence on overall
polyelectrolyte structure and polyelectrolyte layering on NPs per polyelectrolyte per
layer to improve the feasibility and sustainability of their applications.
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9.3 Future Work
Coarse-grained simulations will be a valuable tool in testing design rules and revealing
mechanisms of long time-scale transformations for engineered NPs at biological interfaces.
This thesis highlights work on the dilute limit of nano-bio interactions with a single
NP and single protein or simple lipid-bilayer system. Moreover, the transformations
studied have focused on structural changes at the smallest nanometer scale, whether on
the NP or at the local site of NP insertion into lipid bilayers.
Through simulations with lipid membranes, we can also characterize the membrane
dynamics in response to nanoparticle exposure and attachment. All-atom molecular
dynamics simulations have previously revealed the correlated motion of lipids and
their nearest neighbors that persists for tens of nanometers as lipids diffuse laterally
across a membrane [222]. Single-molecule fluorescence microscopy [26] and atomic
force microscopy [223] experiments have shown that polycation-coated NPs can disrupt
ordered lipid domains and increase membrane fluidity. Furthermore, through coarse-
grained dissipative particle dynamics simulations of NP-membrane interactions, we can
go beyond measurements of local structural changes at a NP attachment site and observe
persistent dynamical changes across membranes, which can alter the partitioning and
mobility of lipid domains and the structure and function of transmembrane proteins
[222].
Future directions include calculating dynamical changes at the nano-bio interface
that persist at long time-scales and span length-scales across a lipid membrane, modeling
nanoparticle suspensions to understand nanoparticle cooperativity effects in inducing




A3. Preferential Binding of a Peripheral Membrane
Protein to a Uniformly Anionic Gold Nanoparticle
Simulation of Cyt c in Solvent
In order to benchmark the behavior of cyt c in the simulations when not in the presence
of the AuNP, a numerical control experimental was run. Namely, we prepared an
equilibrated configuration with cyt c, but no NP present, and solvated it with TIP3P
waters using the same procedures as for the cyt c with MPA-AuNP systems. A 200
nanosecond trajectory was then integrated using the same protocol as that for the
MPA-AuNP systems. Figure A3.1 displays the radius of gyration of the cyt c over this
long trajectory. The specific values at any given time are particular to the trajectory.
However, the average value and degree of fluctuations are statistically relevant. As
noted in Chapter 3, the average value is consistent with the experimentally reported
value of 13.6 Å [76].
Relative Orientation of Cyt c in Close Proximity to MPA-AuNPs
Figure A3.2 provides the distance between the selected sites of cyt c and MPA-AuNP
in three trajectories starting from configurations with the three initial faces toward the
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nanoparticle not shown in Chapter 3. In each of these three cases, cyt c begins with a
particular binding site–either site N, A, or L for trajectories 1, 2 or 5, respectively. In
the case of trajectories 2 and 5, cyt c remains in that relative orientation for the entirety
of the 200 nanosecond trajectories, as also shown in Figures A3.3 and A3.4, respectively.
In the case of trajectory 1, cyt c appears to not be relaxed at the end of the trajectory
and moving toward an orientation in which site N would not be facing the nanoparticle.
Thus, these three trajectories merely indicate that the dynamic orientations with site A
and L facing the MPA-AuNP are metastable up to, at least, timescales on the order of
200 nanoseconds.
Cytochrome c Secondary and Tertiary Structure Conformations
Figure A3.5 provides the radius of gyration for trajectories 1, 2, and 5, complementing
the data provided for trajectories 3, 4, and 6 in Figure 9 of Chapter 3.
The RMSD’s of the trajectories for cyt c and the heme group relative to their initial
structures are shown here in Figure A3.6. As summarized in Chapter 3, they provide
little new insight in the dynamics of the proteins in so far as they agree fully with the
interpretation gained from analysis of the radius of gyration.
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Figure A3.1: The radius of gyration (Rg) and root mean square deviation (RMSD) as a
function of time for cyt c in a periodic box of TIP3P water for 200 ns. The RMSD of
cyt c is aligned to the final frame at the end of the 200 ns trajectory.
Figure A3.2: The distance ∆x between the COM positions of the cyt c binding sites
and the MPA-AuNP surface were monitored for trajectories 1, 2, and 5. The green,
blue, orange, red, and black curves are the measured distances between the bare AuNP
surface and the COM of site A, site L, site C, and site N or the cyt c COM, respectively.
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Figure A3.3: The distance ∆x between the specific groups of amino acids–residues K72,
K73, K86, and K87, and the COM of site A–in the anionic phospholipid binding site A
of cyt c and the surface of the MPA-AuNP for trajectories 1, 2, and 5.
Figure A3.4: The distance ∆x between the specific groups of amino acids–residues K22,
K25, K26, K27 and K33, and the COM of site L–in the anionic phospholipid binding
site L of cyt c and the surface of the MPA-AuNP for trajectories 1, 2, and 5.
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Figure A3.5: The radius of gyration Rg of cyt c vs. time along each 200 ns MD trajectory
(right panels) as a function of the distance ∆x between the cyt c COM and the surface
of the MPA-AuNP (left panels).
Figure A3.6: The RMSD of cyt c (black) and its heme group (green) vs. time along
each 200 ns MD trajectory (right panels) is also shown as a function of the distance ∆x
between the cyt c COM and the surface of the MPA-AuNP (left panels). In all cases,
the RMSD of cyt c is aligned to the equilibrated structure from MD simulations of cyt
c in a box of TIP3P for 200 ns.
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A4. The Effect of Surface Curvature and Ligand
Structure on Ligand Environment in Self-Assembled
Monolayers on Gold Nanoparticles
The convergence of the simulations was verified by monitoring the tilt angle of each
of the MUTAB ligands as a function of time over the preparation through production
stages: (1) The tilt angle for each MUTAB ligand is the angle between the vector normal
to the nanosphere at the position of the sulfur atom and the vector connecting the
nitrogen atom in the MUTAB headgroup to sulfur. We calculated the average tilt angle
of ligands throughout five trajectories to track equilibration of MUTAB self-assembled
on 4 nm AuNSs at 4.0 ligands/nm2 density. The average tilt angle of 12◦ for the initial
starting configurations with all ligands oriented nearly normal to the AuNS surface is
shown at time, t = 0 ns, for reference (Figure A4.1). The next immediate point is of
the average tilt angle from the starting configurations of simulations at 300 K, once
the ligands are bound to the AuNS surface. Simulations at 400 K were then run to
enhance the sampling of ligand-chain conformations, and convergence in the average
tilt angle is observed during the subsequent 10 ns equilibration run at 300 K. For the
other conditions at lower surface curvatures and greater ligand densities, the simulation
times are more than sufficient for equilibration. The radial distribution functions, g(r)’s
for individual equilibrated trajectories used to compute the averages (Figs. 19 and 20
in Chapter 4) are shown in Figs. A4.2 and A4.3.
132
Figure A4.1: Average tilt angle θ of MUTAB ligands vs. time for five trajectories of
MUTAB ligands self-assembled on 4 nm AuNSs at 4.0 ligands/nm2 density, which include
an initial 2 ns equilibration at 300 K, a 3 ns simulation at 400 K, 10 ns equilibration at
300 K, and 10 ns production run at 300 K.
Figure A4.2: Radial distribution function, g(r), between the nanoparticle center of mass
for 4-, 6-, and 8-nm AuNSs and the nitrogen atoms of MUTAB at a ligand density of
4.0 molecules nm−2. Trajectories are distinguished by color.
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Figure A4.3: Radial distribution function, g(r), between the nanoparticle center of mass
for 4-, 6-, and 8-nm AuNSs and the nitrogen atoms of MUTAB at a ligand density of
6.0 molecules nm−2. Trajectories are distinguished by color.
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A5. Adsorption Dynamics and Structure of Polycations
on Citrate-Coated Gold Nanoparticles
In Table A5.1, we provide the force-field parameters used in our simulations. Simulation
parameters and other settings are provided in Table A5.2. Supporting figures include
the initial configurations in Figure A5.1, snapshots of loop, tail, and train structural
motifs observed in our simulations in Figure A5.2, and the radial distribution functions
for each trajectory in Figs. A5.3 and A5.4. Structural characterization of polycations
adsorbed onto gold nanoparticles for additional trajectories d-e (Figure A5.1) in implicit
solvent not shown in Chapter 5 are provided in Figs. A5.5 and A5.6.
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Table A5.1: Force-field parameters for PAH, citrate, gold, and counterions.
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Table A5.2: The characteristic parameters and settings used in the simulations for the
model systems discussed in Chapter 5.
Figure A5.1: Initial configurations for PAH200 deposition on citrate-coated AuNPs in
implicit solvent with citrate molecules shown in red, gold atoms in yellow, carbon atoms
in gray, nitrogen atoms in blue, and hydrogen atoms in white. Counterions are removed
for clarity. Configurations a-c were also used for corresponding simulations in explicit
TIP3P solvent.
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Figure A5.2: Trajectory snapshots of (a) 2-monomer, surface-bound trains that flank
a 2-monomer solvent-exposed loop, resembling a kink; (b) a longer-length loop; and
(c) a tail. Gold atoms are shown in yellow, carbon atoms in gray, oxygen atoms in
red, hydrogen atoms in white, and nitrogen atoms in blue. Counterions and solvent
molecules are removed for clarity.
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Figure A5.3: Radial distribution function, g(r), between the nitrogen atoms of PAH200
deposited on a nanoparticle and the nanoparticle center of mass (NP-COM) for each
trajectory in implicit solvent.
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Figure A5.4: Radial distribution function, g(r), between the nitrogen atoms of PAH200
deposited on a nanoparticle and the nanoparticle center of mass (NP-COM) for each
trajectory in explicit TIP3P solvent.
Figure A5.5: Surface coverage of nitrogen atoms of PAH200 from initial configurations
d and e in implicit solvent. The azimuthal angle ranges from 0 to 2π radians along the
equator of the nanoparticle. The polar angle ranges from 0 radians at the north pole to
π radians at the south pole. The color scale shows the density of the nitrogen atoms.
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Figure A5.6: Histogram of the frequency of solvent-exposed loops, free tails, and surface-
bound trains with n number of monomers within PAH200 from initial configurations d
and e in implicit solvent. The distributions are divided by the total number of frames
sampled such that 1.0 indicates one instance in every frame.
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A6. Density, Structure, and Stability of Citrate3− and
H2citrate
− on Bare and Coated Gold Nanoparticles
Simulation Parameters and Setup
To construct the 4, 6, and 8 nm AuNPs, we estimated the number of gold atoms required
by dividing the volume of the approximately spherical nanoparticle by the volume of
a gold atom with radius 1.44 Å. The gold atoms were randomly distributed at least
5.76 Å apart within a sphere with a radius that is 10 Å greater than the intended
nanoparticle size, heated to 1400 K, and slowly cooled to and equilibrated at 300 K,
using the parameters developed by Heinz and co-workers for a Lennard-Jones potential
between metal atoms [112].
The chemical structures for H2citrate
− and a PAH monomer are provided in Figure
A6.1. We used the OPLS-UA force field [144] for CH2 groups in the carbon backbone of
citrate and PAH200 and the OPLS-AA force field [109] for all other atoms (Tables A6.1
and A6.2). Force-field parameters used to model PAH200 and methods on constructing
PAH200 are specified in previous work [24] and in Section A5 of the Appendix (Table A5.1)
. Either citrate3− or H2citrate
− were randomly distributed throughout a simulation
box along with Na+ ions to neutralize and additional Na+ and Cl− counterions with
the AuNP fixed at the center. The number of citrate and total system size for each
simulation and additional details are described in Table A6.3.
For all simulations with citrate and PAH200, the parameters for the Lennard-Jones
potential between gold atoms were changed so that the gold-carbon parameters, following
geometric mixing rules, matched those developed by Landman and co-workers [113, 114]
for studies of alkane adsorption onto gold surfaces. Positions of gold atoms were kept
fixed at the center of the simulation box. A drag force of 0.1 kcal/(mol Å) was applied
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to the oxygen atoms of the central carboxylate group of citrate toward the center of the
AuNP using the LAMMPS [116] algorithm “fix drag” until these atoms fell within a
specified cutoff distance from the AuNP surface as described in Chapter 6.
For simulations in explicit solvent, an unphysical, intramolecular hydrogen bond
between a central-carboxylate oxygen and the hydroxyl hydrogen is known to form
in simulations using standard force fields [145], unless this particular electrostatic
interaction is significantly screened. We, instead, kept the central-carboxylate carbon,
central carbon, and hydroxyl oxygen rigid with a fixed angle of 109.5◦ in all explicit-
solvent simulations, which does not make a significant difference in the results presented.
In order to keep the system size and computational cost low, we only added enough
Na+ ions to neutralize the citrate molecules, and box sizes were chosen so that the
sodium-ion concentration was 0.4 M. The similarity of the H2citrate
− configurations
across the varying solvent and salt conditions discussed in Chapter 6 suggests that these
structural features on the nanoparticle surface are robust even to conditions far from
the bulk. Additionally, the structure of citrate3− layers constructed in 0.4 M Na+ is
also similar to the citrate3− layers on AuNPs constructed in 0.15 M NaCl reported in
the literature [176].
To understand the nature and stability of the citrate layer, we deposited PAH200 on
cit-AuNPs equilibrated in explicit solvent. We used a PAH200 model that was previously
constructed [24] and similarly followed the protocol to simulate PAH200 deposition onto
cit-AuNPs. Specifically, PAH200 was initially aligned such that the end-to-end vector
was tangent to the AuNP surface and positioned so that the closest atom in PAH was
10 Å away from the AuNP surface.
Packmol [115] was used to generate random initial configurations for the construction
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of the AuNPs, the adsorption of citrate anions onto AuNPs, and deposition of PAH200
on cit-AuNPs.
Molecular Dynamics Simulations of Cit-AuNPs and PAH-Cit-AuNPs
To measure the number of citrate anions adsorbed onto the AuNP surface in our
simulations, we surveyed the number of citrate anions with an oxygen atom within
various cutoff distances from surface gold atoms. We determined that an Au–O cutoff
distance of 3.5 Å captures the citrate anions distinctly in the surface-bound monolayer
on the AuNP surface (Figure A6.2).
Representative images of citrate3− and H2citrate
− maximally packed on 6- and
8-nm AuNPs in implicit solvent are shown in Figure A6.3. Representative snapshots
from explicit-solvent simulations of PAH deposition on AuNPs coated with citrate3− or
H2citrate
− are shown in Figs. A6.4 and A6.5, respectively. Figure A6.4 qualitatively
shows the displacement and removal of citrate3− anions from the AuNP surface upon
PAH adsorption. Figure A6.5 qualitatively shows that the H2citrate
− layer on AuNPs
is highly stable in response to PAH adsorption. The changes in the surface density and
spatial distribution of citrate anions on AuNPs are quantified in Chapter 6.
Using the Au–O cutoff distance of 3.5 Å, we quantified the number of surface-
bound citrate and identified the specific oxygen-containing functional groups of these
citrate–terminal carboxylate, central carboxylate, or central hydroxyl group–that are
bound to the AuNP surface. Molecular configurations are defined according to which
functional groups are surface-bound as described in Chapter 6. The 0-, 1-, and 2-arm
configurations have at least one central group bound to the AuNP surface with 0, 1,
and 2 terminal carboxylate groups surface-bound, respectively. Of these configurations,
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we examined what percent have the central carboxylate free and hydroxyl group bound,
central carboxylate group bound and hydroxyl free, or both central groups bound to
the AuNP surface (Figure A6.6). The analysis of molecular configurations of citrate3−
and H2citrate
− from simulations is in agreement with ATR-FTIR experiments [42] on




Figure A6.1: A) H2citrate
− with central carboxylate group and terminal carboxylic
acid groups and B) PAH monomer.
Table A6.1: Force-field parameters for citrate3−.
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Table A6.2: Force-field parameters for H2citrate
−.
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Table A6.3: The characteristic parameters and settings used in the simulations for
the model systems discussed in Chapter 6 by AuNP coating, AuNP size, and solvent
condition.
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Figure A6.2: Number of citrate3− adsorbed onto the AuNP vs. time in implicit solvent,
according to distance between an oxygen atom on citrate and gold atoms. Au–O
cutoff distances of 2.9 and 3.1 Å undercount the number of citrate adsorbed. Cutoff
distances between 3.3 and 4.9 Å capture the monolayer of citrate on the AuNP surface.







Figure A6.3: Representative snapshots of (A1) citrate3− maximally packed on 6 nm
AuNPs, (A2) citrate3− maximally packed on 8 nm AuNPs, (B1) H2citrate
− maximally
packed on 6 nm AuNPs, and (B2) H2citrate
− maximally packed on 8 nm AuNPs all
in implicit solvent. Cit-AuNPs consist of gold (yellow), carbon (gray), oxygen (red),
and hydrogen (white) atoms. Na+ ions are shown in purple and Cl− ions are in orange.







t = 0 ns t = 0.05 ns t = 25 ns
Figure A6.4: Simulation snapshots from five trajectories (A-E) in explicit solvent of
citrate3− layers on 4 nm AuNPs in the presence of PAH at the initial configuration (0
ns), after steering PAH to the AuNP surface (0.05 ns), and at the end of equilibration
and production runs (25 ns). Gold (yellow), carbon (gray), oxygen (red), hydrogen
(white), nitrogen (blue), sodium (purple), and chloride (orange) atoms are shown. Water







t = 0 ns t = 0.05 ns t = 25 ns
Figure A6.5: Simulation snapshots from five trajectories (A-E) in explicit solvent of
H2citrate
− layers on 4 nm AuNPs in the presence of PAH at the initial configuration (0
ns), after steering PAH to the AuNP surface (0.05 ns), and at the end of equilibration
and production runs (25 ns). Gold (yellow), carbon (gray), oxygen (red), hydrogen
(white), nitrogen (blue), sodium (purple), and chloride (orange) atoms are shown. Water
molecules are not shown for clarity.
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Figure A6.6: Percent of the 0-, 1-, and 2-arm configurations with either the central
carboxylate group, hydroxyl group, or both bound to the surface of 4 nm cit-AuNPs in
explicit solvent.
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A7. Bottom-Up Coarse-Graining of Structurally Complex
Nanoparticles and Lipid-Bilayer Systems
The distribution of lipid tail end-to-end distances as a function of lipid count (i.e. vesicle
size) for all spherical DPD vesicles larger than 10 nm (in diameter) is shown in Figure
A7.1. Vesicle self-assembly simulations using the DPD force-field parameters developed
and presented in Tables 2 and 3 of Chapter 7 reveal vesicle size-dependent lipid packing
with a higher frequency of lipids with smaller end-to-end distances in smaller vesicles,
inducing greater curvature. Larger vesicles have lower curvature, and lipid tails pack
more upright in the bilayer, as indicated by taller, narrower peaks at larger end-to-end
distances.
The radial distribution functions, g(r), between the the vesicle centers of mass and
the ammonium, phosphate, glycerol, lipid-tail groups are shown in Figs. A7.2, A7.3,
and A7.2). The peak for the density of ammonium groups in the outer layer can be
used to determine the radius and, therefore, the size of vesicles assembled in our DPD
simulations. Vesicles with 576, 1500, and 4000 lipids are ∼10, 16, and 24 nm in diameter,
respectively. The difference between peaks for the lipid-tail group density in the inner
and outer layers is consistently 4 nm in agreement with experimental and simulated
values for lipid-membrane thickness [191].
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Figure A7.1: Distribution of lipid tail end-to-end distances in 576-, 1500-, and 4000-lipid
DPD coarse-grained vesicles.
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Figure A7.2: g(r) between the vesicle COM and ammonium (blue), phosphate (red),
and lipid-tail (gray) groups for a 576-lipid DPD vesicle.
Figure A7.3: g(r) between the vesicle COM and ammonium (blue), phosphate (red),
and lipid-tail (gray) groups for a 1500-lipid DPD vesicle.
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Figure A7.4: g(r) between the vesicle COM and ammonium (blue), phosphate (red),
and lipid-tail (gray) groups for a 4000-lipid DPD vesicle.
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A8. Defects in Self-Assembled Monolayers on
Nanoparticles Prompt Lipid Extraction and Bilayer
Curvature-Dependent Transformations
Simulation Setup
Table A8.1: System sizes in DPD simulations.
Radial Distribution Functions
The radial distribution functions, g(r)’s, between the MUTAB-NP COM and lipid
glycerol beads in a 12 nm vesicle (Figure A8.1) and between the vesicle COM and lipid
glycerol beads for both 12 nm and 25 nm vesicles (Figure A8.2) were calculated using a
bin size of 0.1 Å, normalizing by the annular volume, and averaging over the last 20
frames across each 200,000 timestep trajectory from data output every 1,000 timesteps.
The peak in the g(r) in Figure A8.1 corresponds to the corona of lipids acquired by the
NP upon lipid extraction. The first and second peak in each of the g(r)’s in Figure A8.2
correspond to the inner and outer layer of the vesicles, respectively. Nonzero values
beyond the radius of the vesicle signify lipid extraction by the NP.
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Figure A8.1: g(r) between the 4 nm MUTAB-NP COM and lipid glycerol beads from a
12 nm vesicle.
Figure A8.2: g(r) between the vesicle COM and lipid glycerol beads for 12 and 25 nm
vesicles.
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NP Insertion into 25 nm Vesicles, Lipid Extraction, and Water
Leakage
Figure A8.3: A) Distance between NP ligand and vesicle COM, dligand−vesicle,COM vs.
time. B) Number of lipids extracted vs. time. C) Percent of water and number of water
beads leaked from vesicles vs. time. Note that each trajectory started with 31,269 water
molecules inside the vesicle core. The lipid-tail protrusion event is set as 0 timesteps.
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Lipid-Tail Protrusion and Lipid Extraction per Trajectory
The lipid-tail protrusion, lipid extraction, nanoparticle insertion events for the
trajectories not presented in Chapter 8 are shown in Figs. A8.4, A8.5, and A8.6, 20000
and 200000 timesteps after the initial lipid-tail protrusion event, set as time t = 0. All
coarse-grained beads, except for the initial protruding lipid (in solid beads) are made
transparent with smaller bead size, and water beads are removed for clarity. Gold
beads are in yellow, hydrophobic beads of the NP ligands in gray, hydrophobic beads of
the lipids in cyan, lipid glycerol groups in orange, lipid phosphate groups in red, and
quaternary ammonium groups of both the lipids and NP ligands in blue.
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Figure A8.4: Trajectories A-D of 4 nm MUTAB-NPs with a 12 nm vesicle. One
trajectory is shown in Figure 47 of Chapter 8.
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Figure A8.5: Trajectories A-E of 4 nm MUA-NPs with a 12 nm vesicle.
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Figure A8.6: Trajectories A-C of 4 nm MUTAB-NPs with a 25 nm vesicle.
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Bilayer Thinning per Trajectory
The distribution of lipids by the position of their glycerol groups and the average lipid
tail end-to-end distance for each lipid relative to the vesicle COM in Figs. A8.7, A8.8,
and A8.9, 200000 and 1 million timesteps after the initial lipid-tail protrusion. Similarity
in vesicle structure, including increase in planarized bilayer segments and deviation
from a spherical structure in 12 nm vesicles and thinning at the site of NP insertion,
at these two timescales and across all individual trajectories show convergence in the
structural deformations of the bilayer upon NP insertion.
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Figure A8.7: Distribution of lipid glycerol groups and the average lipid tail end-to-end
distance, ree, for each lipid in a 12 nm vesicle upon MUTAB-NP exposure in trajectories
A-E.
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Figure A8.8: Distribution of lipid glycerol groups and the average lipid tail end-to-end
distance, ree, for each lipid in a 12 nm vesicle upon MUA-NP exposure in trajectories
A-E.
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Figure A8.9: Distribution of lipid glycerol groups and the average lipid tail end-to-end
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